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Abstract

The Paul Scherrer Institut (PSI) is still the only centre in the world capable of applying

proton radiotherapy with a spot-scanning technique by means of a dedicated beam

delivery system (gantry). The RT scientific community, which essentially groups radio-

oncologists and physicists specialized in this particular science branch, has noted the

advantages that such a technique could bring for the treatment of certain tumors and new

facilities dedicated to this particular type of therapy are currently under construction or in

planning in several countries in the world. The 3D superposition of modulated proton

pencil beams characterizes the spot-scanning technique and is an excellent tool to provide

intensity modulated proton radiotherapy (IMPT), which is particularly indicated, or even

compulsory, when critical organs (e.g. the spinal cord) must be spared from radiation. In

this case the dose homogeneity required for the target volume is obtained by the

superposition of inhomogeneous dose fields applied under different angles. The number

of patients that received IMPT at PSI is constantly increasing since 2002 and in 2004

more than 20% of the patients have been treated totally or partially with such a therapy.

In order to ensure an optimal therapeutic course quality, it is necessary, among others, to

develop tools that are able to measure and verify the complex dose distribution before it

is applied to the patient. Such tools should be able to verify dose plans in 3D providing

information concerning the behavior of the dose both laterally and in depth preferably

with one single measurement. With the presently used dosimetry system, this is possible

only by repeating the measurement several times with different setups. But then both the

data taking and data analysis are extremely time consuming, limiting thus the application.

Therefore, in this work a dosimetry system, unique of its kind, was developed for 3D

dose verification. The system consists in 400 dose detectors distributed in a Polyethylene

phantom. Each detector consists in a small cylindrical scintillating volume coupled to an

optical fibre with 2 mmdiameter. The optical fibre transports the signal from the

scintillator to a CCDcamera for signal reading. The scintillating volume has a dimension

of only 0.005 cm3. The system was developed in a way to allow modifying the

distribution of the sensors within the phantom as much as one likes. The minimum

possible distance between two neighbor scintillators is 8 mmand the total covered

volume is 15.6 cm x 13.2 cm x 8 cm. The system was tested choosing a detector

configuration that allows to verify simultaneously profiles lateral and in depth when the
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gantry is in vertical position. Therefore, in this particular case, the 400 sensors lie on two

oblique planes relative to the direction of the proton beam, in this sense we can speak of a

quasi-3D dosimetry. Reproducibility measurements have shown that the system is very

reliable (relative standard deviation of about 0.2% at 0.6 Gy). The results of the

verification of IMPT plans with the new system are very promising (standard deviation

less than 1.35% from the planned dose). The fibre phantom turned out to be an efficient

instrument, able to verify not only complex planned dose distributions but also the

performance of the dose delivery system.

In the first part of the thesis the scintillating materials used in the realization of the

sensors were investigated, with the result that inorganic scintillating powders were

chosen. During this phase a new scintillating powder mixture was developed, which has

ideal characteristics for proton dosimetry. It consists of a mixture of Gd202S:Tb and

(Zn,Cd)S:Ag. Both phosphors have a high emission efficiency but contrasting behaviour

in the Bragg peak region. The efficiency of GdiChSiTb decreases with increasing

stopping power (quenching of luminescence) while that of (Zn,Cd)S:Ag increases.

Therefore the measured pcak-to-cntrancc ratio can be modulated simply by modifying the

ratio of the two powders in the mixture. Interestingly, this could be exploited in order to

make a detector that can simulate, to some extent, the biological response of irradiated

tissues. As the biologically effective dose is also enhanced in areas of high ionization

density (i.e. in the Bragg peak), increasing the proportion of (Zn,Cd)S:Ag could allow us

to produce a phosphor that exactly matches the biological response for a given biological

end point and model. For protons a constant RBE(relative biological effectiveness) value

of 1.1 is usually used for clinical application, thus we looked for the optimal phosphors'

ratio that reproduces perfectly the Bragg curve measured with ionization chambers.

After the realization of the new mixture a procedure was developed for the production

of single detectors consisting in a scintillating head glued to an optical fibre by means of

optical cement. The fibre detector can be used as single mobile tool for dosimetry

(potential use for in vivo dosimetry) or, together with a considerable number of similar

sensors, be employed in the realization of phantoms, as the one presented in this work,

for the verification of complex 3D dose distributions.
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Riassunto

L'istituto Paul Scherrer (PSI) rimane ancora l'unico centro al mondo in grado di

applicarc la terapia a protoni con la tecnica dcllo spot-scanning, tramite un'unità spccifica

di trattamcnto isoccntrica (gantry). La comunità scientifica in radioterapia, che

essenzialmente raggruppa radio-oncologi e fisici specializzati in questo particolare ramo

della scienza, ha costatato il vantaggio che tale tecnica puo portarc nella cura di

determinati tumori c nuovi ccntri dcdicati a questo particolare tipo di terapia sono

attualmente in costruzione o in progettazione in diversi paesi del mondo. La

sovrapposizione tridimcnsionale di fasci modulati filiformi di protoni contraddistingue la

tecnica di spot-scanning ed é uno strumento eccellente per l'applicazione della terapia a

protoni ad intensité modulata (IMPT), la quale é particolarmente indicata, e a volte

assolutamcntc ncccssaria, quando organi a rischio (e.g. il midollo spinale) dcvono csscre

risparmiati dalla radiazionc. In questo caso l'omogcncità della dose richiesta per il

volume bersaglio è ottenuta dalla sovrapposizione di campi di dose disomogenei applicati

sotto angoli diversi. Il numéro di pazienti a cui è stato applicato ITMPT al PSI c in

costante aumento dal 2002 e nel 2004 più del 20% dei pazienti è stato trattato totalmente

o parzialmente con tale terapia. Per garantire uno svolgimento terapeutico ottimale e di

qualità, sono neccssari, tra le altrc cose, strumenti in grado di misurarc c vcrificare la

complessa distribuzione di dose prima che cssa venga applicata al paziente. Tali

strumenti dovrebbero essere in grado verificare i piani di terapia in tre dimensioni

fornendo informazioni dell'andamcnto della dose sia lateralmcntc che in profondità

preferibilmente con una singola misura. Con gli strumenti finora a disposizionc, cio c

possibilc unicamente ripetendo lc stcssc misurc piu volte con setup diversi. Ma sia la

presa dati come pure l'claborazionc dcgli stessi risultano estremamcntc dispendiosi in

termini di tempo limitandone l'applicazione.

Pcrcio, in questo lavoro é stato sviluppato un sistema di dosimetria unico nel suo

genere in grado di eseguire una verifica della dose a 3 dimensioni. II sistema consiste in

400 rilevatori di dose distribuiti in un fantoccio di polietilene. II singolo sensorc é

composto da un piccolo volume cilindrico scintillante conncsso ad una fibra ottica di 2

mmdi diametro. La fibra ottica trasporta il segnale dallo scintillatore ad una camera CCD

per la lettura del segnale stesso. II volume scintillante ha una dimensione di soli 0.005

cm
.

II sistema c stato costruito in modo talc da pcrmcttcre di modificarc a piacimento la

3
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distribuzione dei sensori all'intcrno del fantoccio. La distanza minima pcrmcssa tra due

scintillatori adiaccnti c di 8 mmcd il volume complcssivo ricopcrto c di 15.6 cm x 13.2

cm x 8 cm. II sistema é stato testato scegliendo una configurazione dei rilevatori che

permetta la vcrifica contemporanca di profili latcrali cd in profondità quando la gantry é

in posizione verticale. Percio, in questo caso particolare, i 400 sensori giacciono su due

piani obliqui rispetto aH'orientamento del fascio di protoni, in questo senso possiamo

parlare di una dosimetria "quasi" a 3D. Misure di riproducibilità hanno dimostrato che il

sistema c molto affidabile (deviazione standard rclativa di circa 0.2% per 0.6 Gy). I

risultati della verifica di piani IMPT con il nuovo sistema sono molto promettenti

(deviazione standard inferiore ad 1.35% rispetto alla dose pianifïcata). Il fantoccio di

fibre si é quindi rivelato essere uno strumento efficace, capacc di verificare non solo piani

di terapia complcssi mapure la performance dcll'unità d'applicazionc del fascio.

Nella prima parte della tesi é stato esaminato il materiale scintillante da applicarc

nella costruzione dei sensori preferendo polveri scintillanti inorganiche. Durante questa

fase é stata sviluppata una nuova misccla di polveri scintillanti che présenta délie

carattcristichc idcali per la dosimetria con protoni. Essa consiste in una miscela di

Gd202S:Tb e (Zn,Cd)S:Ag. Entrambi i fosfori hanno un'ottima efficienza d'emissione ma

si comportano in maniera opposta nella rcgionc del picco di Bragg. L'efficienza di

Gd2C>2S:Tb decresce con il crescere della densità di ionizzazione (quenching di

luminescenza) mentre quella di (Zn,Cd)S:Ag cresce. Percio il rapporto picco-ingrcsso

(peak-to-entrance ratio) misurato puö csscrc modulato semplicemente controllando il

rapporto dcllc due polveri nella misccla. Questo puö csscrc sfruttato per ottenere un

rilevatore che simula la risposta biologica dei tessuti irradiati. A causa del fatto che la

dose biologica efficace è influenzata nellc regioni ad alta densitä di ionizzazione (picco di

Bragg), l'aumento della proporzione di (Zn,Cd)S:Ag permcttere di produrre un fosforo

che riproduce la risposta biologica di un dato modello biologico. Per i protoni

normalmcntc si usa un valorc RBE (efficacia biologica relativa) costante di 1.1, perciö

abbiamo cercato il rapporto ottimale che riproduca fedelmentc la curva di Bragg misurata

con le camere a ionizzazione.

Dopo la messa a punto della nuova misccla c stata sviluppata una procedura per la

realizzazione del singolo sensore composto da una testa scintillante incollata ad una fibra

ottica tramitc del cemento ottico. II rilevatore puo essere utilizzato come singolo

strumento mobile di dosimetria (per esempio per dosimetria in vivo) oppure, assieme ad

un numéro cospicuo di rilevatori simili, essere impiegato nella realizzazione di fantocci

come quello presentato in questo lavoro per la vcrifica a 3D di distribuzioni di dosi

complesse.
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1 Introduction

The radiotherapy for medical application has its origin in the discovery of X-ray by

Wilhelm Röntgen and in the radioactivity of Radium by the Curies. Since then

radiotherapy plays an important role in the treatment of tumour disease. Together with

this technique, surgery and chemotherapy are the tools most often used in the fight

against tumours. In most cases these techniques are complementary and often a

combination of them is requested to improve the effect of a therapy.

The effect of the radiotherapy is based on the killing of tumour tissues by ionising

radiation. One single survived tumour cell can lead to relapse. Together with the tumour

the healthy tissue is irradiated as well and therefore damaged or killed. Especially, when

critical organs are located in the immediate vicinity of the tumour, strong side effects

must be taken into account. The goal of radiotherapy is the total killing of tumour cells

together with the preservation of the healthy tissue. The desired dose distribution should

be as conformai as possible and as homogeneous as possible within the treatment volume.

To achieve these goals two main properties of the therapeutic particles must be taken into

account: the biological properties and the physical properties.

Protons show biological properties similar to the classical particles, namely photons

and electrons. But the physical properties arc very different. Protons show a better

localized depth dose. This curve is known as the Bragg-curve and it clearly shows the big

advantage of using protons to treat patients. In matter the protons with a given entrance

energy stop at a well defined depth. Because of the stochastic characteristic of the energy

deposition there is an uncertainty of about 1% in the range of the proton (range

straggling). At that depth a peak of the deposited dose is observed (Bragg-peak). In the

distal region (behind the Bragg-peak) no energy is deposited, therefore the normal tissue

behind the treatment volume is totally preserved. A better preservation, compared to the

one obtained with photons, is found in the proximal region too, where a plateau of the

deposited dose is observed. Figure 1 shows the comparison between the depth dose curve

of photons and protons.

5
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In order to treat large volumes, the range of the protons, and thus the position of the

peak can be controlled by modulating the entrance energy of the beam. For instance, this

can be achieved by inserting material of a given thickness (i.e. range shifter plates) in the

beam path. The superposition of many range modulated proton beams generates the so

called spread-out Bragg-peak (SOBP), a homogeneous dose distribution in depth. This

can be seen in Figure 1 as well.

0 10 20 30 40

Depth [cm]

Figure 1: Depth dose curve (Bragg curve) and SOBPof protons compared to the

depth dose curve of a 15MVphoton beam. The yellow area indicates the amount of

healthy tissue, which can be spared by using protons instead of photons for a

tumour positioned between the two dashed lines

Since 1996, at the Paul Scherrer Institut (PSI), proton radiotherapy is applied successfully

using a unique compact beam delivery system (gantry). The PSI gantry (Pedroni 1994) is

still the only one in the World that delivers protons with the spot-scanning technique. The

desired dose distribution is given by a three dimensional distribution of individual thin

proton pencil beams applied to a target volume, with the pencil beams being so

modulated as to give a homogeneous radiation dose within the tumour or for delivering

intensity modulated proton therapy (Lomax 1999, Lomax et al 2001, Goitein et al 2002).

The steering files contains the data needed for controlling the delivering of a

completely computer controlled running therapy. They arc used for delivering dose by

6



steering the position and the intensity of each individual proton pencil beam individually

(spot).

1.1 Motivation of this work

Given that each field consists of many thousands of individually placed and weighted

Bragg peaks, sophisticated beam monitoring and therapy plan verification tools arc

required to ensure safe patient treatments.

This manuscript deals with the development of a new dosimetry system for the pre-

treatment verification of planned dose distributions, which is an important test within the

quality assurance (QA) program of the PSI therapy. Wearc convinced that improvement

of the verification methods are of benefit for the patient, especially when intensity

modulated proton therapy (IMPT) is provided.

The verification has the purpose to check both the accuracy of the dose calculations

and the ability of the gantry to deliver the desired spot patterns. The dose distributions

delivered by the steering files for a given patient are recalculated for water in order to be

verified in homogenous-density phantoms.

Currently at PSI two different dosimetry systems are used for verification purposes.

The first system consists of two orthogonal arrays of ionization chambers (IC). The

chambers lie on a plane that is orthogonal to the beam and therefore, they can measure

simultaneously two lateral profiles at a given depth set by an adjustable water column

placed on the top of the chambers plane. Each arm consists of 13 cylindrical ionisation

chambers heaving a diameter of 5 mmand a length of 4 mm. The sensitive volume is

therefore 0.079 cm3. The minima] distance between the chambers is 1 cm. The chamber

in the middle is in commonwith both arms, therefore, the total number of TCs is 25. They

clearly offer a very limited view of the whole dose distribution and sometimes the

analysis is time consuming primarily due to cable and electronic problems.

The second system, which is used especially to verified complicated IMPT plans,

allows a very high resolution 2D dosimetry (Boon 1998). The system consists of a

scintillating screen mounted orthogonal to the beam and observed by a CCDcamera via a

mirror. A commercial available phosphor screen (Lanex) is used, which employs

Gd2C>2S:Tb as a scintillating powder attached to a substrate. The advantage of this system

is that it is independent to cable and electronic problems and it provides a lateral 2D

dosimetry with very good resolution (1.5 mm), but the phosphor screen suffers from a

quenching of luminescence of 10% at the Bragg peak. Therefore a quenching correction

7
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is needed for comparison between measured and planned dose (Pcdroni et al 2005). The

preparation of a proton-dedicated phosphor screen using the scintillating mixture

developed by Safai et al (2004) would improve the quality of this powerful dosimetry

system. However the system is not able to provide information concerning the behavior

of the dose with depth in one go. Dose distributions at different depth arc obtained by

repeating the measurement with different amount of Plexiglas on the top of the

scintillating screen.

In this manuscript we present a prototype for the verification dosimetry, called fibre

phantom system, that has the objective to supersede the disadvantages of the previously

mentioned systems. The new system consists of 400 millimeter sized scintillating

volumes (0.005 cm1) distributed in a Polyethylene block, which arc read on a CCD

camera over a bundle of optical fibres and which can be irradiated from any direction

orthogonal to the fibre axis. The scintillating volume, specifically developed for this

system, is 16 times smaller than the active volume of the ICs and consequently the

resolution is much better. The number of sensors is 16 times larger, which allows a

clearly better overview of the dose distribution compared to the IC system (the minimal

distance between the active volumes is now 0.8 cm). In addition, as for the CCD-screen

system, the use of cable and electronic is limited only to the CCD, and results in a better

stability of the measured signal. The distribution of the scintillating volumes on two

oblique plans allows recording the behaviour of the dose simultaneously both in depth

and lateral, which is the main advantage compared to the existing CCD-screen system.

Thus, with this particular configuration the fibre phantom allows to perform quasi-3D

dosimetry. In addition the system makes use of a new two-component inorganic

scintillating mixture that minimize the ionization quenching and that we developed

specifically for proton dosimetry (Safai et al 2004).

1.2 Outline of the thesis

Wedecided to go straight to the essential aspects of the work by presenting the main

results in the first chapters. Then from Chapter 5 we go into the details of the different

aspects concerning this work. The basic physics for the behaviour of the protons when

they pass through matter is described in Chapter 8. There, we explain concepts like the

stopping power, range, nuclear interactions and multiple Coulomb scattering. Thus if the

reader is not familiar with these aspects, then Chapter 8 should be read first, especially

before dealing with Chapter 7.
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Chapter 2 describes the development of a new two-component inorganic scintillating

mixture for proton dosimetry. The results have been published by Safai et al (2004) and

the whole article is attached in the Appendix A. Chapter 3 describes the new dosimetry

system (fibre phantom) and Chapter 4 reports the results of the verifications performed

with that system.

Chapter 5 deals with the stability of the signal measured by the fibre phantom.

Chapter 6 describes the spot-scanning technique of PSI and discusses the reliability of

beam delivery system.

Chapter 7 defines the medium equivalence of materials and biological tissues and

estimates the errors given by the simplifications performed in Chapter 2 for the water

equivalent depth of the sensors. Among other things it deals with the errors for the

nuclear interaction probability and multiple Coulomb scattering when the phantom is

treated as water-like.

Chapter 8 describes the passage of protons through matter. It is the scientific

background for the definitions and discussions of Chapter 7 and for the generation of the

Proton Data Tables listed in the Appendix C and D.

9
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2 Development of an Inorganic
Scintillating Mixture for Proton Beam

Verification Dosimetry

2.1 Phosphors for proton dosimetry

First wc want to make a small excursion into the phenomenon of luminescence because

the dosimetry system proposed in this work is based on scintillating materials. Particular

care was given in the choice of the scintillator best suited for dosimetry purposes and the

characteristics of the material chosen will be presented. Readers who would like to go

more deeply into the subject of luminescence are referred to the excellent book of

Shionoya and William (1999) edited under the Auspices of Phosphor Research Society.

Among other things the book presents the characteristics and applications of many

inorganic phosphors.

2.1.1 Terminology

The word phosphor generally indicates solid luminescent material. It is used especially to

mean inorganic phosphors, usually those in powder form and synthesized for the purpose

of practical applications. The luminescence is the phenomenon of emission of light for a

material, whose electronic state has been excited by some kind of external energy. If the

excited energy is given off during the excitation, the light emission is called fluorescence.

If luminescence is observed after the exposure to exciting radiation, then the after-glow

light emission is called phosphorescence. Hence, the word luminescence includes both

fluorescence and phosphorescence.

The luminescence of the phosphors that have been studied in this work, can be

modeled by considering the phosphors composed of a microcrystalline host and an

11
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Verification Dosimetry

activator. Crystal defects or small amount of intentionally added impurity atoms often

work as activators in the host crystal. Both host and activators can emit the excited

energy in the form of light classified as host and activator luminescence. Due to the

interaction between them, the excited energy can be transferred from the host to the

activator and then it can be released as light. The excited energy can also be transferred to

a nonradiative centre producing the phenomenon of quenching of light.

In most phosphors, a small number of atoms (the activators) arc responsible for the

luminescence process. These atoms together with their surrounding atoms form a so

called luminescent or emitting centre.

If phosphors are exposed to ionising radiation such as high energy protons,

luminescence is observed. In this case the luminescence is called scintillation. The

penetration of the protons into the solid crystal induces ionisation processes along the

path of the protons. Thus, second scattered electrons are created, which carried the lost

protons energy and migrate into the crystal losing their energy by exciting the light-

emitting centres. Due to the high LET (linear energy transfer) of the protons at the Bragg

peak region, ionisation density quenching has been observed (Boon 1998) for both

organic and inorganic phosphors. The quenching of luminescence is the process that

causes a nonradiative emission of the excited energy at a radiative one's expense.

2.1.2 Required phosphor characteristics for proton dosimetry

The desired phosphor properties for proton dosimetry applications are similar to the

required characteristics for X-ray examination. As a matter of fact both phosphors,

Gd202S:Tb and (Zn,Cd)S:Ag, chosen for this work, are or have been widely used for X-

ray applications. Thus, they are characterized by high emission efficiency, short emission

decay time and good durability (radiation damage and degradation by moisture is

minimized). Another important requirement is satisfied, namely their emission spectrum

is matched to the spectral characteristic of the readout system, i.e. to the transmission

spectrum of the light guide and to the spectral sensitivity of the CCDchip.

Unfortunately, these phosphors arc composed of elements that have high atomic

numbers1. From this point of view, the best solution would be the use of an organic

scintillators, which are almost water equivalent. But, first, the signal would be too weak,

1
Again this satisfies a requirement for X-ray, namely a strong X-ray absorption. The phosphor screen for

X-ray have been developed specifically to considerably reduce the dose to the patient during a radiological
examination because of the weak X-ray absorption of the radiographic film (only 1 %). But this is in

contrast with the need of materials of low atomic number for proton dosimetry.

12



second, organic scintillators arc not available in powder form and third they generally

show a stronger ionising density induced quenching effect.

2.1.3 Description of Gd202S:Tb3+ and (Zn,Cd)S:Ag,Cl

The green emitting gadolinium oxysulfide Gd202S:Tb and the ycllow-green-emitting

silver-activated zinc-cadmium sulfide (Zn,Cd)S:Ag,Cl have been intensively studied for

X-rays or cathode-ray (low energy electron beam). Both phosphors are available as

powder and they arc widely used in commercial applications.

2.1.3.1 Gd202S:Tb3+ (P43)

The P number used to identify the scintillator is a phosphor screen symbols specified by

the Electronics Industries Association (EIA) of the U.S. These symbols have been used

since 1945. Several phosphors are associated to different P numbers (Shionoya and

William 1999).

P43 has a wide application for displays such as fluorescent screens for fluoroscopy. It

is one of the most used phosphors for the intensifier screens applied in radiological

examinations. The screen amplifies the signal to the radiographic film in order to reduce

the dose to the patient. Gd2<D2S:Tb3+ has an excellent emission efficiency. It has an

emission peak at 545 nm that matches very well with the spectral sensitivity of a

radiographic film and with the spectral characteristic of the readout device used in the

present work. The light emission is characterized by light intensity decay from 90% to

10%in 1 ms and from 10%to 1%in 1.6 ms.

The luminescence of this phosphor is caused by the trivalent rare-earth2 ions Tb3+,

which are the impurities (activators) added to the host crystal Gd202S. The host itself has

a rare-earth ions as cation, namely Gd3+. Gd3+ can sensitise the luminescence of other

rare-earth ions causing no quenching. Therefore it is a good candidate to be substituted

by luminescent rare-earth ions as Tb3+.

Figure 2-1 shows the energy levels of Tb3+ and in general those of the trivalent

lanthanide ions. The luminescence spectrum of Tb consists of many lines due to Dj —+

7Fj transitions. When the Tb3+ concentration is a few mol% or higher the stronger

emission line is given by the transition 5D4 —»7FS at approximately 550 nmhas shown in

the spectrum of Gd202S:Tb3+ in Figure 13 of the Appendix A.

2
The rare-earth elements usually comprise 17 elements consisting of the 15 lanthanides from La (atomic

number 57) to Lu (atomic number 71), of Sc (atomic number 21), and of Y (atomic number 39)
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C* Pr Nd Pro Sm En Gd Tfc Dy Ho Er T» Yb

Figure 2-1: Energy levels of the trivalent lanthanide ions. (From Diekc, G.H., Spectra
and Energy levels of Rare Earth Ions mCrystals, Interscicncc, 1968; American Institute

of Physics Handbook, 3rd edition, McGraw-Hill, 1972, 7-25)
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2.1.3.2 (Zn,Cd)S:Ag,Cl (P20)

P20 is a mixture of ZnS and CdS with the molar ratio 6:4. 0.02 wt% Ag are added as

activators. The added CI ions are called co-activators. The co-activator ions are

indispensable for the formation of luminescence centres, but the luminescence spectrum

is determined only by the kind of ion activators and is almost independent of the kind of

co-activators, therefore the name co-activator. Often in the literature the chemical

formula of the phosphor P20 is written without explicitly mentioning the co-activator. So

both formula (Zn,Cd)S:Ag and (Zn,Cd)S:Ag,Cl arc found and used alternatively to

describe the same phosphor.

(Zn,Cd)S:Ag has been used for fluorescence screens for fluoroscopy because of its

high efficiency and the good spectral matching with radiographic films. However,

recently it has been replaced by Gd202S:Tb screens due to less X-ray absorption.

(Zn,Cd)S:Ag has an emission peak at 550 nmand the emission decay time is given as

well in Table 1 of Appendix A. The radiative emission is caused by transition taking

place via energy levels of activators, i.e. silver atoms, introduced as impurities. The

spectrum of (Zn,Cd)S:Ag is shown in Figure 12 and 13 of Appendix A.

2.2 The preliminary tests: "parallel foil effect"

Our first approach in the development of small detectors was to use small circular pieces

of commercial available phosphor screens (Lanex), which have been attached to optical

fibre.

This required the development of a special support for the circular foil to allow a

stable and reproducible contact between the scintillator and the fibre. Figure 2-2 shows

such a support.

|-—— __„_— ——^ Black rubber

25mm tubinS

Figure 2-2: Support for the circular scintillating foil. The foil has a diameter of about 3 mmand is fixed at

a top of a PVCscrew, which can be screwed from one side into a PVCpipe until the foil comes in contact

with the fibre screwed into the pipe from the other side. The black rubber tubing shielded the fibre from
undesired external light.
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The phophor of the Lanex film is Gd202S:Tb. The light guide chosen for the whole work

are Multiclad Bicron fibres type BCF-98 of 2 mmdiameter (Figure 2-3(a)). Optical and

physical fibre's properties arc listed in Table 2-1. Figure 2-3(b) shows the attenuation

spectrum of the fibre. Note the good transmission between 500 nm and 680 nm, except

for a local signal loss peak at approximately 610 nm.

Core material

Refractive index

Density

Polystyrene
1.6

1.05 g/cm3
First cladding material

Refractive index

Thickness

Acrylic (Plexiglas)
1.49

60 um

Second cladding material

Refractive index

Thickness

Fluoro-Acrylic
1.42

10 urn

Numerical Aperture
Radiation length
Operating Temperature

0.74

42 cm

-20 °C to 50 °C

Table 2-1 ; Physical and optical properties of the multiclad Bicron

fibre BCF-98

\ Polystyrene Core n = 1.60

First cladding n = 1 49

*
Second cladding n = 1 42

(a)

BOO Ç50 «O 660 700 750 SM

wavelength [nm]

(b)

Figure 2-3: (a) Multi-coated fibre, (b) Attenuation spectrum of multiclad Bicron fibre BCF-98. The light

guide optimize the transmission of light produced by the scintillator Gd?02S: Th,

The system was tested by measuring the response of the detector along the Bragg-curve

for 138 MeVprotons. The curve was achieved by placing the detector at different depth

in a water tank (the so called water phantom) and by repeating the same scan at each

depth. The measurement were repeated with three different orientations of the foil

relative to the beam, namely parallel to the beam (90°), at 45° and at 22° as shown in

Figure 2-4.
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beam
,a = 45"

beam a-22 beam

a = 90V

K66666À«*

Figure 2-4: Orientations chosen for the scintillating foil to the proton beam direction

The results are shown in Figure 2-5, where we can clearly recognize an angle effect for

the sensitivity of the system in the Bragg peak region. Indeed, when the scintillating foil

is parallel to the beam, a signal loss of more then 27% is observed in the Bragg peak

compared to the one measured with ionisation chambers.

0.8

o 0.6 -

0.4

0.2

-

Markus chamber -

foil: parallel (90°)
foil: angle 45°
foil: angle 22°

+

0

*

i
- —
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;
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'vj
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,
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:
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t

*
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w

6 8 10

water depth [cm]

12 H 16

Figure 2-5: Depth dose curve measured with a circular scintillating foil for three different
beam incident angles. The reference curve (dash line) was obtained with the Markus chamber

placed directly in water (see Appendix A, Section 2.2).

This can be partially explained with the sum of the ionisation quenching effect and the

convolution effect (Appendix A, Section 2.1.3) which are expected to give a signal loss
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for Gd202S:Tb of about 10% and more than 14% respectively (when the foil is parallel,

the proton water equivalent thickness p-WET of the scintillator is 7.0 mm± 0.4 mmas

shown in Figure 4 of Appendix A). As expected the "parallel foil effect" disappeared

when we changed the incident angle of the beam. For 45° and 22° only the ionisation

quenching effect is recognizable. No significant differences have been observed between

the two orientations at 45° and 22°. The effect is therefore relevant in the specific position

with the scintillating foil parallel to the beam direction. This was the main reason why we

looked for an alternative solution to the use of phosphor screens. Small volumes,

consisting of a mixture of phosphor powder and optical cement, with a p-WET less than

3.8 mm, have a considerable lower convolution effect (less than 5%) and therefore they

could be a good alternative to the foil.

The investigation of such small sensitive volumes with the goal to find the optimal

solution for proton dosimetry was published and the article is attached in Appendix A.

2.3 A new two-component inorganic scintillating mixture for

proton dosimetry

The reader is referred to the article of Safai et al (2004) attached in the Appendix A for

details about the new scintillating mixture and its practical use in proton dosimetry.

An International patent application on the new inorganic scintillating mixture, the

sensor and their use has been filed in 2003.
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3 The Fibre Phantom System

The fibre phantom can be divided into following main components: the Polyethylene

(PE) phantom, 400 fibre detectors, the fibre collimator in front of the lens system, the

light-readout device and the support for the whole system. The fibre detectors are

distributed in the PE phantom and the signal produced by exposing the phantom to proton

radiation is mapped on a CCDby means of a lens system.

3.1 The Polyethylene phantom

The phantom was obtained from a block of Polyethylene (PE). We have chosen

Polyethylene for two main reasons. First Polyethylene is almost water equivalent in terms

of energy loss and second it is opaque. In order to avoid the collection of the background

light from the ambient and the cross talk between the fibre detectors the use of opaque

material is unavoidable. Polyethylene is a soft plastic that needs particular cares when it

is manipulated, especially when holes are drilled in the material.

The phantom consists of different modules as shown in Figure 3-1. The modules can

be assembled to obtain two differently shaped phantoms: a box or a cylindrical phantom.

The box PE phantom can be irradiated from three fixed directions, namely for 0 (opposite

to y axis), 90 (opposite to x axis), -90 (along x axis) degrees. Instead, the cylindrical one

can be irradiated from multiple directions orthogonal to the cylinder axis. Both phantoms

have the same central block given by the modules A,B,C,D. The modules E,F,G and

H,I,L can be interchanged to obtain the box and the cylindrical phantom respectively. The

400 scintillating detector's heads are distributed in the central region of the module B

(emphasized by the grey box in Figure 3-1 ).
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The module D is the exit plate foi the 400 optical fibies, which aie inserted into 400

paiallcl cylindrical cavities drilled in the module B,( ,D 1 he diamctci ol each cavity is S

mm The pioperties ot Polyethylene did not allow the dulling ot cavities with smaller

diameter, which aie at least 100 mmlong
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3.2 The libre detectors and the fibre collimator

Each libre dclectoi has a scintillating head consisting of a small cylindrical scintillating

volume optically glued to a fibre light guide of 2 mmdiameter and 1 m long. (Figute

3-2)

I'igure 3-2: Pit tun. of tilt fthic détectai s head

11 ft pent il foi i omptu ison st intillatuii.] i obtint

<r/md to the opt h al fth/t PMMtsuppott h't^hl

flint and si militating \olunu instiled in the

/'A/A/ i suppôtt

Plexiglass (PMMA) supports of different length, but the same diameter (5 mm), aie used

to piotect the scintillating volumes and set the position in / direction mside the module B

as shown m I iguic 3-"* In addition PMMAtubes aie used to partially fill the residual

space between the PMMAsupport and the module D There are no commercial available

PMMAtubes with an inside- and outsidc-diamctci of 2 mmand 5 mmrespccitvely, and

thercibic, foi time and costs reason, we decided to use tubes with 3 mmlnside-diamctei

This is clearly not <\n optimal solution as there is still air between the optical fibics and

the mside wall of the PMMAtubes Lastly, black lubber tubing is used to protect and

isolate the optical fibres from the environment.

AB CD

R jtli mon M-iisiti\L vtihii! t

Pli\i"hss Pltxi'lis-. Optu il HI itk mblxi

j suppoir iul~K | fihiL J I iubm.1

Hgure 3-3: l\ui fthte tlettttois insertetl in tlh Pi phantom Hit Itui'jli of the PMMAsuppoii si Is

the position of the tit tnt \olumi alonif : ti\t\ In addition (.) t ni'^s tit tht le\ el of the moduli l) aie

ustdto fix tht flints in tin phantom (no stall tlitiwiuaj

The method to produce the fibre detectors shown in Chapter 2. Section 2 3 was not

applied m the production of the dctectois foi the PI phantom 1 he method is too
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elaborate and time-consuming to produce fibre detector's heads in a large quantity,

although it allows an optimal control of the amount of scintillating mixture glued to the

light guide. Therefore, we developed a new procedure that allows to produce more than

250 fibre detectors in 5 days with a good homogeneity of the individual gain of each

detector. Indeed after exposing each fibre detector to the same homogenous dose field we

observed a standard deviation of the individual gain less than 6% (Figure 3-4). An

important difference compared to the previous method is the possibility to attach the

scintillating volume directly to the optical fibre independently from the use of a

protective cap, i.c the Plexiglass support.

40 STD< 6%

40 00

i n i I ,n

20

/u

R-

P,_
-lu o io jo

relative deviation fromthe mean value [%]

n

30 40

Figure 3-4: Frequency distribution function of the relative deviation about the

mean fibre detet tor \ gam

The active volume consists in a mixture of Gd202S:Tb , (Zn,Cd)S:Ag and optical cement

BC-600 as suggested in Chapter 2, Section 2.3. We asked the company Proxitronic

(Kuznik 2000) to produce the desired phosphor mixture consisting in 80 wt% Gd202S:Tb

and 20 wt% (Zn,Cd)S:Ag.

3.2.1 Distribution of the active volumes

The distribution of the active volumes within module B can be understood with Figure

3-5. The picture shows all detector's heads inserted in the module D for one of the

realisation phases. In that phase all scintillating volumes were at the same level as

module D. Wecan recognize how the different lengths of the PMMAsupports produce
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the distribution of the active volumes. Indeed, the true distribution is obtained when all

extremities of the PMMAsupports are in contact with the module A (by pushing the fibre

towards the module A following the black arrows of the figure). The active volumes lie

on two oblique planes (not perpendicular and parallel to the beam directions). The

distribution satisfies the following requirements:

» Two or more scintillating volumes never lie on the same

line along the most used beam directions (0, 90 and -90

degrees).

» Simultaneous measurement of profiles in depth and

lateral

The minimum distance between two neighbor scintillating volumes is 8 mm.

The fibre are very well fixed between module A and D. but if one would like to have

another sensors" configuration, then they can be extracted and reinserted in the phantom

in order to obtain the desired distribution, e.g. a random 3D distribution of sensors.

Figure 3-5: Detector's heads inserted in the module I) during a step of the realisation of the fibre phantom
system. The while spots inside the cylindrical PMMAsupports in the proximity of module D correspond to

the scintillating volumes (three active volumes are shown by the red arrows). In the Figure they are all

almost at the same level of module I). Thus the Figure shows the "negative" distribution of the active

volumes. The true distribution is given when the PMMAsupports are in contact with module A by pushing
the fibre following the black arrows.
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3.2.2 The fibre collimaloi

The fibie collimaloi (I iguie 3-6) is the last element in lionl ol the lens system it is used

to keep the fibic axis paiallcl to the lens axis The Aluminum and the Pom plate

guaiantee lobustness and the Siliconcaoutchouc fix the fibies in a way that it is still

possible to extract and replace them if damaged Iiguic ^ 7 shows the assembled fibic

phantom system

J

I iguie3-6. Hit ftbit. (olltmatoi
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I<iguie 3-7: Pohitlnkut ftbit phantom thlttloi s) sit m dining ont of tin last sti/is of tht asst nibltt^t
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3.3 Physical characteristics of the fibre phantom

Tabic 3-1 lists the relative stopping powers used to establish the effective measurement

point of each active volume. For both Plexiglass and Polyethylene the tabulated relative

stopping power has been established experimentally by considering the relative shift in

depth of the Bragg curve in water when a plate of the material considered, with a well

known thickness, was placed in front of the water tank in the beam path. The relative

stopping power/Ty for air, Polystyrene and scintillating mixture is the average of the mean

relative stopping power (pt) calculated with Janni /-values and ICRU /-values (see

Table 7-3 in Section 7.5).

Material p p^

Air 0.0012 0.001

Plexiglass (PMMA) 1.18 1.168

Polyethylene (PE) 0,95 1 018

Polystyrene (PS) 1.05 1.042

Scint. Mixture (SM) 2.32 1.751

Table 3-1: Density p and relative stopping power ps for the constituents of the

fibre phantom. The scintillating mixture has the following constituents: 48 wt%

Gd202S:Tb, 12 wt% (Zn,Cd)S:Ag, 40 wt% optical cement BC-600. It is to note

that the experimental ps for PMMAand PE listed above are within the values

calculated with Janni I-values and ICRU I-values (see Table 7-3). PMMA

agrees better with Janni and PE is almost equivalent to the average between

the two. Thus for PS and SMwe decided to perform the average of the

predictions with Janni and ICRU I-values.

We can recognize four main structures inside the PE phantom. Figure 3-8 shows the

transversal section of these structures identified with /, //, /// and IV. In general the water

equivalent depth (WED) of the effective measurement point (MP) for a fibre detector

(Dei) at a given geometrical depth d in the Polyethylene phantom (PE) can be calculated

with the following expression:

WED^= piFEd + AdDet + Y,nM ' = UI,IH,IV (3-1)

Where, pSiPE is the relative stopping power of Polyethylene, AdDet is the shift in depth due

to the geometry and composition of the detector's head and Ad, is the shift due to the

structure of type i with multiplicity n, upstream to the detector, thus

M=*fo, -

a, J=^k, - A,,J=^k, - A.J (3-2)
2r„„, 2
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with

A,,=E^-A,;=Z
2x,

j Wr
pSJ j = PMMA,PS, Air, SM (3-3)

Where, x
, rr,et andpSil are the average geometrical thickness in beam direction, the radius

and the average relative stopping power of the structure of type i respectively. 3t. and/j.v

are the average thickness by integrating over the detector size and the relative stopping

power of the sub-structures j respectively.

PMMA

SM

P,j
= 1.261

Ad, ~ 0.955 mm

I beam

PMMA

PS

/),.,, =1.148

Ad„- 0.510 mm

&ii.n~ 0.126 mm

Amnxji= 0.687 mm

beam

piln =0.914

Adm ~ -0.407 mm

fin ///
—0.751 mm

a.« =2.522 mm

I beam

IV

o
PMMA

p,„
= 1.168

Adlv = 0.589 mm

oiuf —0.169 mm

A^ox.w ~ 0.750 mm

^jb»m.^ =1-65 ram

.7= 3.93 mm

Adfjet = 0,82 mm

Plexiglass

support

IV I II

Plexiglass
tube

Optical
fibre

Figure 3-8: Structures i and sub-structures j of the fibre phantom. The bottom-right figure
shows where the transversal sections are positioned relative to the fibre detector. The plots
show the profiles of the water equivalent depth on the distal side of the structures II, III and

IV, which are supposed to be surrounded by Polyethylene. The 0 line corresponds' to the water

equivalent depth if the structure would not intercept the beam

For AdDet we have,

^"Det
a \Ps.SM Ps,Pe)+XPMMA,AV \Pi,PMMA Ps,PE ) (3-4)

PMMA,AV
is theWhere, r/ is the radius of the scintillating volume (same as the fibre) and x

average thickness of the PMMAsupport of the structure of type / after integration of the
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cross sectional area on the proximal cylindrical side of the scintillating volume over the

size of the active volume (A V). The integration over the active volume instead over the

detector size is justified by the proximity of this structure to the scintillating volume

itself.

Table 3-2 summarizes the physical properties of the structures / calculated using the

above expressions.

Structure Constitution Air PMMA PS SM A,. p-WET(mm) J di (mm)

I PMMA+ SM - 0.84 - 0.16 1.261 4.95 0.95

II PMMA+ PS - 0.84 0.16 - 1.14X 4.51 0.51

III PMMA+ Air + PS 0,20 0.64 0.16 - 0.914 3.59 - 0.41

IV PMMA - 1.00 - - 1.168 4.59 0.59

Table 3-2: Physical characteristics of the primary structures of the fibre phantom. The proton

water equivalent thickness p-WET was calculated with equation 7-22. The relative average

thickness xI x of each sub-structure j is given as well.

Using the data of Table 3-2 we can rewrite equation 3-1 explicitly, namely

WEDMP(d, nn, nm, nIV ) = 1.01 Sd[mm] + 0.82 + 0.51^-0.4 \nm + 0.59nlv [mm] (3-5)

WEDmpis therefore a function of the depth d and of the multiplicity «,-. In the above

expression it is supposed that upstream to the measurement point there are no structures

of type /.

For a detail analysis of the water equivalence of the fibre phantom the reader is

referred to Chapter 7, Section 7.5.

3.3.1 Considerations about the WEDdistribution distal to the primary
structures of the fibre phantom

Note that Ad, is the average shift given by the structures i. It is therefore interesting to

examine also the shift spread about the mean value, which affects the width of the energy

spectrum of the proton distal to the structure. Wedo this by considering again Figure 3-8.

The mean of the WEDdistributions plotted in Figure 3-8 is equal to average shift Ad,.

The standard deviation oRii about the mean Adt was calculated over the detector size and

reported in Figure 3-8 too. On the same figure, below aRj, we listed also the maximum

deviation Amaxj given by the difference between the two extremes of the WED

distribution.

As expected the structure that causes the largest deviation is the one that contains air

(structure III). Depending on the region, where the protons pass through the structure ///,
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Chapter 3: The Fibre Phantom System

the corresponding shift could vary significantly. In the worst case the difference could be

2.52 mm, while the expected standard deviation is 0.75 mmfor one single structure ///.

Therefore the important question is: how many structure of type /// could be found

upstream to a given active volume? The answer is different depending on the angle,

under which the phantom is irradiated. Here we consider the case with the gantry in

vertical position. Then the worst case is given for 22 sensors that belongs to the last two

rows of fibre detectors of the PE phantom (Figure 3-12). Each of these sensors has,

upstream, 3 structures of type // and 6 structures of type ///. Figure 3-9 shows the plot of

the WEDdistribution distal to the just mentioned configuration. In the Figure the beam is

coming from the left and we calculated the WEDon the right side of the last structure ///.

The 0 line corresponds to the water equivalent depth when no structures are placed in the

Polyethylene phantom. In order to consider the worst case we calculated the WEDwith

the simple sum of 3 times the WEDfor//plus 6 times the WEDfor III.

PE phantom
UT WED= 3WEDU+ 6WED111

WED[mm]

Figure 3-9: WEDdistribution distal to the alignment of 3 structures II and 6 structures 111 surrounded by

Polyethylene. The integration of the WEDdistribution over the detector size gives an average shift Ad of
-0.9 mm. The maximum difference Amal is 14.9 mmand the standard deviation oR is 4.3 mm.

In principle, as seen in Figure 3-9, two different protons passing through the same active

volume distal to the configuration considered above could experience a water equivalent

pathlength that differs of about 14.9 mm. However this is the extreme case, which is

expected to happen rarely. More realistic is the value given by the standard deviation or

of 4.3 mm. This corresponds to a relative error of about 3% in the evaluation of the

WEDmp. This can be interpreted as a 3% difference in the path length travelled by the

protons from the surface of the phantom till they reach the scintillating volume (range

straggling excluded), which involves an additional spread of the residual energy of the

proton with consequently flattening of the energy spectrum. The additional mixture of

energies could affect the dose deposited in the distal region. Wehad evidence concerning

this last point by measuring the Bragg curve with the PE fibre phantom for 138 MeV
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protons'". Indeed, we observed that the Bragg peak was larger and 10% lower than

expected (Figure 3-10). However, as will be pointed out in Chapter 4, the effect on the

dose distribution delivered by patient-steering files remains small.

12 | , __, ! , , , ,
Markus chamber ~~-

Ffere phantom {gantry [n vertical position) .

1 -

0.fl -

8

tu -

0.2 -

0 2 4 6 8 10 12 14 16

water equlvateni depth [cm]

Figure 3-10: Depth dose curve for 138 MeVprotons measured

with an ionisation chamber (Markus chamber) and with the

fibre phantom. The Markus chamber curve was plotted after
convolution and quenching correction.

3.3.2 Conlusions

The presence of air in the fibre phantom is the Achilles heel of this prototype, although

the effect is perceptible only for the measurement in the distal region. For a future version

of the detector system one should find a solution to avoid having air in the phantom, e.g.

using tubes with the proper internal radius. Wehave performed the same analysis of

Figure 3-9 when air is substituted with Plexiglass (then structure /// is equal to structure

IT). Then the standard deviation or is considerably smaller, namely almost a factor 4

smaller.

For the existing phantom, an interesting approach, not yet performed, would be to add

an additional term to the width of the initial energy spectrum of the pencil beam dose

model, in order to take into account the additional energy spread given by the structures

of the phantom and then recalculate the dose distribution with the new modeld.

Eventually one can even think to change the actual fibres configuration in order to

minimize the disturbance caused mainly by the structures /// for a given beam direction.

c

The Bragg curve was measured during the test for the reproducibility of the fibre phantom signal. The

reader is therefore referred to Chapter 5, Section 5.2 for any detail concerning the measurement and the

steering file used.
d

A similar approach that takes into account the "natural" range straggling of the protons (see Chapter 8,
Section 8.1.2) is already implemented in the pencil beam dose model (Pedroni et al 2005).
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Chapter 3: 1 he Fibre Phantom System

3.4 The fibre phantom Signal

When the phantom is exposed to ionising radiation a fraction of the light produced in the

active volume is transferred and mapped on a CCD. The software delivered with the

CCDcamera allows visualizing the frame on the PC1 screen just after exposure. On the

screen we recognize then 400 separated spots belonging to the individual fibre detectors

(Figure 3-ll).

Figure 3-11: Signal of the fibre phantom when irtadialetl it;//; an inhomogeneous
dose distribution

figure 3-12 is a schematic view of the frame taken with the fibre phantom. Fach circle

(spot) corresponds to a mapped fibre. The numbers inside the circles identify each fibre

detector. From the available spots it is appropriate to reconstruct a number of profiles that

have an easy space interpretation inside the phantom. It is therefore useful to consider

profiles that are transversal to the beam direction (lateral profiles) and those in depth. For

instance, when the fibre phantom is irradiated with the gantry in the vertical position,

then 20 later profiles like those shown in Figure 3-12 (L,, Ln and Fm) and 20 profiles in

depth like L\ Du, Dm are considered. The grey spots identify the beginning and the

arrows the directions of the reconstructed profiles. The small full black circles show

where the profiles finish. When the phantom is irradiated from 90 and -90 degrees then

lateral profiles with constant X should also be considered.
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Chapter 3: The Fibre Phantom System

3.4.1 Contamination of the frame with scattered radiation

Secondary radiation such as y's and neutrons produced during beam delivery can interact

directly with the chip of the CCD. This produces a background signal that mainly involve

groups of pixels: undcsired lines, spots and irregular shapes of different intensity can be

then recognized on the frame. Figure 3-13 clearly shows these structures. The frame was

taken during irradiation of the fibre phantom. During exposure the lens cap was mounted

on the lens. Thus the camera was perfectly shielded not only from the ambient light but

also from the fibre phantom signal. Therefore, what we see in the image is just the signal

produced by secondary radiation that, directly struck the CCD chip. Also after beam

delivery we observed such structures due to the matter activation during irradiation.

Figure 3-13: Background signals caused by the scattered radiation during beam delivery. The beam was

ONfor 6 minutes and 40 seconds. The dynamic range is only 24 ADll. Four arrows emphasize some

structures that are clearly different in size and shape.

A better shielding of the CCDcamera could eventually reduce the amount of background

signals, but they will not disappear completely. In the present work we developed a so

called spot filter to eliminate the undcsired signals. The spot filter is an algorithm used to

manipulate the frames (a similar filter was already suggested by Boon 1998). At least two
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mcasuiements under the same conditions (same experimental setup and steering file) are

necessary to apply the filter. The probability that background signals arc at the same

position m two different measurements is very low Thus, the algorithm Inst makes the

absolute difference between two images and then it looks for neighbor pixels, for which

the difference is larger than a given threshold. These are supposed to be pixels

"disturbed" by scattered radiation. I he values of these pixels aie then set to the minimum

between the corresponding values ol the two reference images I he choice of the right

threshold avoids eliminating the scintillator light signal mapped on the CCD The filter

can distinguish between the undcsidcicd sccondaiy îadiation signal and the scintillator

light signal only when the mapped fibres are exactly at the same position relative to the

CCDin both reference images If this important condition is not satisfied then a portion

of the scintillator light signal could be filtered out Therefore particular care should be

done in the fixation of the CCDcamera, in ordei to ensuie the repioducibihty of the

orientation of the camera relative to the fibre collimaloi for repeated measurements

A second filter is used to eliminate the remaining spike s after background subtraction.

These are isolated spikes, caused by the electronic of the CCD. The filter, called spike

filter, looks for very sharp gradient with the same sign mall possible directions between

neighbour pixels. Again a threshold value is given for the gradient Then the value of the

spikes is set to the mean value between the neighbour pixels.

An example of the performance of the filters is given in Chapter 5, Section 5 2.4.

3.4.2 Integral scintillator light signal

100%

93 96%

39 85%

37 04%

2r,

il,

Ai,

5/

Ar,

Hgure 3-14: Relaltxt. intentai signal as a function

of the dimension of the ROI i / is tht fibi e i atlttis
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Chapter 3: The Fibre Phantom System

The dose applied to the active volume is proportional to the integral scintillator light

signal after background subtraction and image filtering. The dose is therefore

proportional to the sum of each pixel's value for a given region of interest ROI around

the signal. Figure 3-14 shows the fraction of the signal included in a given ROI. We

decided to use a ROI with a radius 1.6 larger than the mapped fibre radius r/. This means

that the distance between the centres of two neighbour spots should be larger than 4rj.

Therefore, the fibre collimator was designed specifically to give a minimal distance of 5ry

between the centres of the fibres.
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4 Measurements of Inhomogeneous
Dose Distributions with the Fibre

Phantom

The fibre phantom was tested by measuring IMPT plans with the gantry in vertical

position. The results are presented in this Chapter.

4.1 Methods and Material

The phantom was exposed to three inhomogeneous dose distributions calculated for

patients that received intensity modulated proton therapy in 2003 and 2004 at the PSI.

The 3 fields have been chosen with the following criteria:

• The a angle must be 0.0 (the gantry is then in the vertical position)
• The field should deliver a clearly inhomogeneous dose distribution

("simple" fields are therefore excluded)

• Both small and large field should be considered

The geometrical position of each fibre detector and the material composition of each

phantom's structure were used to establish the water equivalent position of each active

volume (as described in Chapter 3, Section 3.3), in order to compare the measured dose

with the planned one calculated for a homogeneous water phantom.

4.1.1 Experimental setup

The gantry was always in vertical position and the central axis of the module B was

coincident with the centre of the fields given by the steering files. The measurements
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Chapter 4: Measurements of Inhomogeneous Dose Distributions with the Fibre Phantom

were performed with the box phantom (Figure 3-1 of Chapter 3) with removed module G,

without any additional material on the top of the phantom, except during calibration.

4.1.2 Calibration of the fibre phantom

The fibre detectors have been calibrated by exposing the phantom to an homogeneous

dose distribution. The calibration steering file delivers a large box dose of 24 x 18 x 11

cm in T, U, and S direction respectively. The depth dose curve along the central axis is

plotted in Figure 5-15 and further details are given in Chapter 5, Section 5.3.2.1. The

SOBPextension is not deep enough to cover all the sensors along beam direction. Thus,

the first calibration was performed in two steps. At each step wc changed the amount of

PMMAon the top of the phantom in order to shift the SOBPrelative to the sensors. That

is, 8.8 cm PMMAwere used to calibrate the last 10 rows of sensors and 14.8 cmPMMA

for the first 10 rows. Then, box dose distributions previously tested with references

chambers are applied to the phantom in order to achieve the relation between signal and

absolute dose. As soon as this relation was known, for further calibrations, only one

measurement was sufficient. For instance, usually wc applied the calibration steering file

only with 8.8 cm PMMA. In principle to reduce the calibration time, one can think to

produce a new calibration steering file with a smaller lateral extension. The new file

should be tested in the same experimental session when the reference calibration is

performed in order to associate correctly the measured signal to the planned dose. In

order to make the calibration insensitive to the set up errors the steering file should apply

a homogeneous later dose distribution with a distal fall-off placed behind the radiation

sensitive region of module B.

4.1.3 Comparison between measurements and plans

From the steering files we calculated the expected 3D dose distribution Dp(t,u,w) in water

using the model explained in Chapter 6, Section 6.2. The resolution of the dose

calculations is a free parameter and in the present work was set to 1 mmin all three

dimensions. DM,i(t„ u„ d,) is the measured dose of the z'-th fibre detector with a lateral

position (tj, u,) and at a geometrical depth0 d,. With expression 3-5 we can calculate the

water equivalent depth WEDt of each sensor. Wecompared then the planned dose at the

c

Note that here d, identify the geometrical depth of /-th fibre detector, instead, in Chapter 6, equation 6-8,
we used d, to identify the thickness of the inserted range shifter.
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position (t„ u„ WEDj) with the measured one. To characterize the discrepancy between

the measurements and the expectations we computed the standard deviation defined with,

SD=

I
-

m-

YJ{DM.(ti,ui,di)~Dp(ti,ui,WEDi))2
1=1

(4-1)

The sum is to take over all sensors /' considered. The standard deviation was then

normalized to the prescribed dosef Dpres of each field.

In order to compensate for setup errors wc fitted the measured dose to the planned 3D

dose distribution. The fitting algorithm8 "moves" the whole phantom within the 3D dose

distribution in order to find the best "position" with minimal dose discrepancy. Wcused

5 fitting parameters, namely:

• ATf : shift of the phantom in T direction / Starting value = 0.0 cm

• AU/ : shift of the phantom in U direction / Starting value = 0.0 cm

• ß/ : rotation of the phantom around the phantom central axis (should

compensate for /? angle errors, sec Section 6.4) / Starting value —0.0°

• Ps.PEf '• relative stopping power of Polyethylene, which corrects the depth

position proportionally to the depth itself. / Starting value = 1.018

The fifth parameter is an overall scale factor for the dose, which was always fitted

manually. In the future this last parameter should be also included in the new versions of

the fitting algorithm.

4.1.4 Quenching correction

Although the ratio between P43 and P20 for the phosphor mixture was the one suggested

in Chapter 2, Section 2.3, we still observed ionization quenching. At the Bragg peak the

signal loss is about 3%. This means that 20% of P20 does not compensate the quenching

effect of P43 properly. This seems to be in contradiction to the conclusion of the

published article (Appendix A) based on previous measurements. The set of phosphor

powders used for the phantom is different than the one for the preliminary tests (those of

Appendix A). When we asked the company Proxitronic to produce the desired mixture

particular care was given in the homogeneity of the mixture. Therefore, in order to avoid

The prescribed dose per field of IMPT plans is defined as the average dose applied to the target volume by
all fields divided by the number of fields.
g Least squares fit to a non-linear function.
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Chapter 4: Measurements of Inhomogeneous Dose Distributions with the Fibre Phantom

a separation of the two components, it was decided to use phosphors with small particle

size (3-4 pm). On the contrary the particle size of the phosphor powder used for the

preliminary measurements was significantly larger. This could eventually explain the

difference in the quenching effect as the luminescence efficiency can be a function of the

particle size and usually it is lower for smaller particles (Shionoya and William 1999,

page 328). For small particles (3-4 um) the fraction of P20 should be therefore larger11
and equal to about 30 wt%.

The ionization quenching is expected to affect the measurement only in the distal

region because, there, the dose is deposited by protons of the Bragg peak. On the other

hand at the proximal and central region the dose is primarily given by protons of the

plateau where the quenching effect is marginal.

In the dose calculations wc can introduce a quenching correction1 (as described by

Boon et al 2000) that takes into account the observed energy loss at the Bragg peak. In

the present work we compared the measured dose distribution to the calculated one with

and without quenching correction.

4.2 Results and Discussions

4.2.1 Build up effect

The measured dose close to the phantom's surface was systematically lower than the

planned one (the closer to the surface the larger the discrepancy). The deviation can be

understood considering that the pencil beam model (presented in Chapter 6, Section 6.2)

doesn't take into account the build-up effect when protons go from a medium with low

density to a medium with significantly larger density. The Build up effect is a well-know

and clearly observable phenomenon in the conventional radiotherapy. With a much

smaller impact it appears also in the proton radiotherapy (Paganetti 2002, Carlsson and

Carlsson 1977). It is caused by the fact that the proton equilibrium is not satisfied just

below the entrance surface'. The secondary protons that leave the interaction points close

to the surface are not compensated by those produced in air. This is particularly true for

high-energy secondary products that have mostly a forward direction. Thus, this non-

h
Wemeasured the "particle size effect" before we produced the 400 fibre detectors. But mainly for time

reason we couldn't order a new powder composition with a larger amount of P20. Thus we decided to

produce the 400 fibre detectors with the existing mixture, since the quenching effect is small.
1

The mean dE/dx dependent correction factor used here is: ( 1+0.0013dE/dx)
'

1 The equilibrium is satisfied when the number of proton leaving and entering a small volume dV is the

same.
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equilibrium let the dose increase just behind the phantom surface till pseudo-equilibrium

is reached producing the so called build-up effect. The extension in depth depends on the

entrance energy of the protons. Figure 4-1 shows the comparison between the depth dose

curve measured with a Markus chamber (see Appendix A) and the modeled one for 138

MeVprotons. The build-up effect can be clearly recognized in the first centimeters of the

plot, while the dose model overestimates the dose. For instance at about 8 mmbelow the

water surface the dose is more than 4% smaller than the planned one. At about 28 mm

water depth it is still 1% lower. Thus both the amplitude and the extension of the effect

arc not negligible. The effect was already observed by Pedroni et al (2005).

0.8

% 0.6

0.4 -

0.2

look up table 138MeV

Markus chamber

8 10

water depth [cm]

16

Figure 4-1: Bragg curve for 138 MeVprotons. The dash line is the integral depth dose

curve stored in the Look Up Table based on the model discussed in Chapter 6, Section

6.2. The red curve corresponds to the Markus chamber measurement.

Based on the data of Figure 4-1 we introduced correction factors in order to reduce

the planned dose of the first 5 lateral profiles. After the correction the match between Dm

and Dp was considerably improved. The results presented below are always obtained

after build-up eorreetions. The factors extrapolated from the Bragg curve measurement of

Figure 4-1 are given in Table 4-1 starting from the lateral profile closest to the surface.
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fn profile 2,n profile 3m profile ^"profile 5th profile

0.957 0.969 0.981 0.990 0.997

Table 4-1 : Build-up correction factors for the first 5 lateral profiles closest to the PE

phantom surface when no material is placed on the top of the phantom (top of module B)

Wehave only experimental data for 138 MeVprotons. Thus we decided to use the same

factors also for 160 MeV protons considered below. As we will see later this

approximation seems to be sufficient.

Although this section should belong to the Section "Methods and Material", we put it

under "Results" because wc saw the necessity of performing the build up corrections only

after the verifications made with the fibre phantom. Thus this is an important result

obtained with the new dosimetry system. However the correction factors have been

achieved independently to the fibre phantom measurements.

4.2.2 Verification of three dose distributions

Figure 4-2, 4-3, 4-4 and 4-5 shows the comparison between the measured and planned

dose for three different plans identified with 1, II, III. The captions of the figures give

details about the dose plans. The nominal energy of the first plan considered is 138 MeV

and for the other two 160 MeV. Two profiles of Figure 4-2 are plotted also in Figure 4-6

as an example of the close agreement even in high gradient regions.

The plan III has a wide extension in U direction, thus, we verified the dose in two

steps, each one corresponding to a different position of the phantom relative to the beam

(the table was shift 7 cm in U direction). Then for the statistical considerations on this

plan we combine the two measurements (Figure 4-5).

Energy [MeV] Dpres [GyJ N SDI Dpres [%]

Plan I 138 0.825 163 1.13

Plan II 138 0.606 126 1.05

Plan III 160 0.604 428 1.35

Table 4-2: Results of the verification of three diffèrent inhomogeneous dose plans. Dpres is the

prescribed dose. N is the number of sensors that measured a dose larger than 0.05 Gy and that

are used for statistical calculations. (SDIDprcs) is the standard deviation relative to the

prescribed dose. SD is calculated with equation 4-1 for Npoints. For plan III, the data of the

two measurements (Figure 4-4) are putted together and treated as they would belong to a

single measurement (therefore Nexceeds the number of the sensors of the fibre phantom). If we

would not use any threshold for the lowest dose considered in the statistical approach then the

relative standard deviation would become 0.75%, 0.63%, 1.20% for plan I, II and HI

respectively.
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Table 4-2 lists the standard deviation SDrelative to the prescribed dose Dpres calculated

considering only the sensors that received a dose larger than 0.05 Gy.

Although the fields are different in energy, size and shape the relative standard

deviation is similar, between 1.05% and 1.35%. From the point of view of the clinical

implications such a close agreement would be defined as "very good", especially for

IMPT fields, and the treatment of the patient would proceed. Indeed the SD's are almost

4 times lower than the tolerance given in the QAmanualk, which is 4%. The tolerance

was set considering the precision of the presently used verification systems of the PSI and

dose calculation approximations. With the existing dosimetry systems SD's lower than

2% were rarely measured1. The fibre phantom seems to give much better agreements,

which eventually indicates that this system is more robust in terms of reliability than the

actual verification methods. A better fitting approach that includes the /?/ angle, and dose

calculations that consider the nuclear interactions, contribute as well to the better

agreement between measured and expected dose in the present work. Typically /?/ was of

the order of ± 0.3 degrees. The translation in U and T obtained from the fitting process

were about ± 1 mm, which is of the same order of the correction used for the existing

dosimetry systems. The value ps,pej for the best fit was systematically about 3% lower

than the expected relative stopping power for Polyethylene. A lower density of the PE

phantom relative to specified density could eventually explain the discrepancy in the

stopping power. The correction given by the fitting parameter pSlmf is almost

proportional to the depth considered. Thus the value of ps,PE/is decided mainly by the fit

of the dose points in the distal fall-off These are also the points that are more affected by

the presence, upstream, of the small structures of the phantom, especially of the structure

111 that contain air, as explained in Chapter 3, Section 3.3. This could also explain the

lower value for pSipEj-

The SD's obtained without quenching correction are 1.39%, 1.35% and 1.51% for

plan I, II and III respectively. They arc slightly larger than those of Table 4-2, which

indicates that the quenching properties of the new phosphor mixture affect only

marginally the measured dose. Thus one can even think to skip the quenching corrections

for verification purposes as the required precision is still achieved.

The QAmanual is the Quality Assurance manual of the Department of Radiation Medicine at PSI (see

Chapter 6, Section 6.4).
1
Using the IC verification system, we observed a mean standard deviation SDof 3.4% over all IMPT plans

for the patients treated at the PSI in 2004 (Lomax, private communication). As reported in Lomax (2003)
the mean standard deviation of the verification of 4 IMPT fields using the CCD-screen system was 2.5%.
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(a) Profiles in depth (b) Lateral profiles
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Figure 4-2: Verification of plan 1. 138 MeVbeam energy. Number of deposited spots: 3993. Prescribed

dose: 0.825 Gy. Size of scanned volume in U,T,andw: 10.4 x 10.0x9.5 cm. The images are complementary:
(a) and (b) compare qualitatively the measured (stars) and expected (lines) 3D dose distribution, (c) tells

the characteristic amplitude and the extremes of the relative deviation (Dp—D^/D,,,.^. Lastly, (d) gives the

dose dependence of the deviation, which is equivalent to the vertical distance between the circles

(measured dose) and the straight line (expected dose). Note that (a) and (b) plot the same set of data from
two different perspectives.
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Figure 4-3: Verification ofplan II 160 MeVbeam energy Number of deposited spots: 2163. Prescribed

dose: 0.606 Gy. Size of scanned volume in U,Tand w: 7.Ox 7.5 x 12.0 cm. The images are complementary
(a) and (b) compare qualitatively the measured (stars) and expected (lines) 3D dose distribution, (c) tells

the characteristic amplitude and the extremes of the relative deviation (Dp-D}f)/Dpres. Lastly, (d) gives the

dose dependence of the deviation, which is equivalent to the vertical distance between the circles

(measured dose) and the straight line (expected dose). Note that (a) and (b) plot the same set of data from
two different perspectives.
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(a) Profiles in depth (b) Lateral profiles

(c) Profiles in depth (7 cm shift in U) (d) Lateral profiles (7 emshift in U)

Figure 4-4: Verification of plan III. 160 MeVbeam energy. Number of deposited spots: 10740. Prescribed

dose: 0.604 Gy. Size of scanned volume in U.Tand w: 17.5x 15.0 x 18.5 cm. (a) and (b) show the

measured (stars) and planned (lines) 3D dose distribution when the central axis of the phantom was

coincident with the centre of the field, (c) and (d) show the dose distribution with the phantom shifted 7 cm

in Udirection relative to previous setup. Note that (a) and (b) plot the same set of data from two different
perspectives, as well as (c) and (d). The red stars emphasize the dose points with the largest discrepancy
(see text).
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Figure 4-5: Representations of the deviations between measured and expected dose for the verified plan
III (see Figure 4-4). The data of the two measurements are treated as a single measurement, (a) tell us the

characteristic amplitude and the extremes of the relative deviation, (b) gives the dose dependence of the

deviation, which is equivalent to the vertical distance between the circles (measured dose) and the straight
line (expected dose). The red data emphasize the largest discrepancies (see text).
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Figure 4-6: Comparison between planned and measured dose for one

profile in depth and one lateral for plan I (see Figure 4-2). Top • profile
in depth at constant U =

—18 mmBottom lateral profile at about 8

mmdepth.

The comparison was performed without convolution of the detector size with the dose

distribution (see Appendix A for the convolution effect CE) because it is expected to

affect the measurements even less than the quenching effect. For instance, the

examination of the profiles with a large inhomogeneity in depth, for which the CE is

more relevant, like those of Figure 4-2(a) and Figure 4-3(a), shows that the CE can be

neglected.

When fields larger than the sensitive region should be verified, then multiple

measurements with shifted phantom in U or T direction should be performed. The

example of plan III indicates that the combination of shifted measurements for the large

fields works well.

80 100

Depth [mm]

120 140
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4.2.2.1 About the largest discrepancies

Although the relative standard deviation SDIDpres is crucial to decide if a plan can be

applied to the patient, further parameters should be treated. For instance, the largest

discrepancies between measured and planned dose are always considered, even if

SDIDpres is within tolerance'". Their position within the 3D dose distribution must be

identified in order to understand if they are placed in a region with high dose gradient or

in a low dose gradient region.

The largest deviations have been observed for plan III. For instance one sensor

recorded a dose 8% larger than expected. In Figure 4-4 and 4-5 we emphasize the five

points with a relative deviation larger than ± 4% with a red color. Thus the reader can

easily identify the position of the same data in the different sub-plots of the two figures.

In the last profile in depth (U = 38 mm, Figure 4-4(a)) the first 4 points clearly do not lie

on the predicted line and it seems that the dose gradient is not particularly sharp in that

region. This last point is only apparently true. Once we consider the lateral profiles of

plot (b) wc easily recognize that, there, the gradient is indeed sharp. From both plots (a)

and (b) it is evident that the fifth dose point lies in a high dose gradient region too. The

measured dose is therefore very sensitive to the actual position and large dose

discrepancy could eventually be expected. For instance at the fall-off, 1 mmdisplacement

produces a dose difference of more than 20%. Doubts on the measurements or on the

dose calculations should rise if the deviations considered above are observed in the low

dose gradient regions, but this is not the case here.

4.3 Conclusion

The possibility of measuring and visualizing simultaneously dose profiles not only

laterally but also in depth has evident advantages compared to the existing verifications

systems. Eventual tendencies can be easily recognized. For instance, the introduction of

the build-up corrections is fruit of the opportunity to analyze profiles in depth. When

dose points with a large relative deviation are observed, then both set of profiles can be

consulted in order to understand the dose behavior around the points. Examining only

profiles in depth or laterally can eventually lead to wrong conclusions. Thus the check of

the dose points with large relative deviations is simplified compared to the existing

dosimetry methods. However the fact that the active volumes lie on two planes that are

m

However it should be noted that in the QAManual the tolerance is defined only for SD/Dpre< and not for

the dose measured at a single point
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not perpendicular and parallel to the beam direction, the identification of the measured

dose within the dose planned with the existing treatment planning package of the PSI is

not straight forward. A possible solution is the implementation of a new function that

allows displaying the 2D dose distribution for planes under the same angle of the active

volume planes.

The very good agreement between measured and planned dose indicates that small

uncertainties can be associated to the different sub-systems that contribute to the

discrepancy. The small relative standard deviation (between 1.05%» and 1.35%) is

produced by the following uncertainty:

• Simplifications and assumptions in the physical pencil beam dose model

described in Chapter 6, Section 6.2

• Disturbance of the fibre phantom to the dose distribution not predicted

by the dose model

• Uncertainty of the measured dose given by the reliability of the detector

system

• Setup errors.

• Uncertainty in the delivered dose given by the reliability of the beam

delivery system

Another important error source is the uncertainty in the calibration, but this also depends

on the factors mentioned above.

Among these factors, the most important conclusion concerning the fibre phantom is

that the disturbance of the dose distribution due to the geometry and composition of the

structures of the phantom can be predicted considering only the effective measurement

point of each scintillating detector's head in water, as explained in Chapter 3, Section 3.3.

At least from the verifications considered above, it seems that for the prediction of the

dose distribution it is sufficient to consider the water equivalence only in terms of energy

loss and treat the nuclear interactions probability and multiple Coulomb scattering as

water-like. The definitions and considerations concerning the matter equivalence are

given in detail in Chapter 7. In the same chapter we will estimated the error when nuclear

interactions probability and multiple Coulomb scattering are treated as water-like,

especially for the constituents of the fibre phantom. However in the next step a virtual 3D

digital representation of the phantom should be performed (analog to the patient CT

information) for proper dose calculations (e.g. Monte Carlo) especially when the

phantom is irradiated from different directions. Although the presence of air in the PE

phantom docs not represent the optimal situation, our prototype has demonstrated that the

principles, on which the dosimcty system is based, are valid because they allow realizing
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a simple, robust and reliable system for 3D verification dosimetry. Briefly, the principles

are a dedicated inorganic scintillating mixture for energy conversion, optical fibres for

signal transportation, a CCDcamera and PC for signal reading and analyzing, and a

plastic phantom as patient substitution. Air is not an indispensable component for such a

system and a better design and material availability could avoid completely the presence

of air. Note that it is just impossible to realize a 3D dosimetry system as the one

presented here with such a large number of sensors based on gas (e.g. air) ionization

processes. The size of the active volumes of the ionization chambers would be much

larger and therefore the disturbance on the dose distribution would be fatal for the

system.

The second important conclusion concerning this prototype dosimetry system is that

it is very reliable, better than the presently used verification methods. This was confirmed

by the reproducibility measurements described in details in Chapter 5. The tolerance of

4% for SDIDpres set in the QAManual could be eventually lowered if the tendency of

measuring standard deviations lower than 2% is confirmed for systems analog to the

prototype presented in this work. This would clearly improve the quality assurance of the

treatment.

The setup errors are minimized with the fitting process for comparing the data.

Eventually, small position errors could produce large discrepancies for sensors that are

placed in high dose gradient region. However, in general, even the dose measured in the

fall-off agrees nicely with the expected value.

The well match is also a proof that the dose model of the pencil beam is a good

model. But one should remember that we corrected empirically the dose calculated for

the first 5 lateral profiles in order to take into account the build-up effect. Although the

entrance energy per spot at the phantom surface differs significantly due to beam energy

modulation, the use of correction factors (those given in Table 4-2) applied directly to the

calculated profiles seems to adjust appropriately the planned dose for both 138 MeVand

160 MeVproton nominal energy. Measurements and Monte Carlo calculation should be

performed to estimate the build-up effect for different entrance energy, in order to

implement this effect in the dose calculation models using energy-dependent correction

factors applied to each spot. Note that if more than 4 cm of material are placed on the top

of the phantom then one should skip the build up correction, for instance during

calibration. The similarity of the standard deviation for the different energies suggests

also that the quenching effect of the scintillating mixture is probably slightly dependent

on the proton beam energy, at least for the energies considered. It should be noted that the

calibration was performed with 214 MeV protons and that the plans verified used 138

MeVand 160 MeVproton beams.
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Lastly, these verifications are again a confirmation that the beam delivery system is

able to apply the desired dose distribution with good accuracy even for complicated fields

like IMPT plans. About the reliability of the beam delivery system the reader is referred

to Chapter 6, Section 6.4 and Chapter 5, Section 5.2.3.

It should be noted that the fibre phantom was designed to give the flexibility of

choosing a desired fibre detectors distribution within the PE phantom. Here we have

presented the results only for one configuration (shown in Figure 3-5, Chapter 3) but in

principle others can be tested by redistributing the fibres accordingly.

The fibre phantom itself is only one of the possible applications of the fibre detectors

for dosimetry purpose. For instance one can think to use single fibre detectors for in vivo-

dosimetry. Indeed the size of the active volume is very small and it can be used to

measure the dose within the cavity of the human body.

Wehave already prepared a set of 20 fibre detectors, explicitly designed to fit in the

cavity of the Alderson phantom (Aldcrson et al 1962) for verification dosimetry in an

anthropomorphic phantom. The system was not tested yet.
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5 Reproducibility of the Fibre Phantom

Signal

The chapter is divided into three main sections focusing on three different aspects of the

reproducibility of the signal measured by the fibre phantom.

The first section (Section 5.1) estimates the upper limit of the signal-to-noise ratio

considering the performance of the CCDcamera. The predicted signal uncertainty is then

compared to the measured one in Section 5.2. Although the second section has the main

purpose of describing the experiment used to establish the reproducibility of the fibre

phantom signal for subsequent measurement within the same day, it will also, based on

the experiment itself, dwell upon further conclusions regarding the nuclear activation of

the phantom, the reproducibility of the dose delivery system and the image filtering.

Lasty, Section 5.3 considers the stability of the measured signal over several months.

5.1 Performance of the readout device

The performance of the readout device mainly depends on the performance of the CCD

sensor, which already introduces an error for the measured signal. The amplitude of the

error is considered in the following sections.

5.1.1 Physical characteristic of the KAF-0401E CCDsensor

The Full-Frame CCDimage Sensor used is a Kodak KAF-0401E (Apogee instruments).

It is a high performance monochrome area CCDimage sensor with 768 x 512 photoactive

pixels (9um). CCDspecifications are listed in Tabic 5-1.

Useful information about Apogee camera and CCDspecifications can be found on the

web (Apogee Instruments 2002).
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Array 768 x 512

Pixel size [pm] 9

Area [mm] 6.9 x 4.6

Charge Transfer Efficiency 0.99997

Digital resolution 14-bit

Read Noise unoise (e) at -5 °C 14.1

Dark Count (pA/cm2) at 25 °C 10

Gain g [e/ADU] 8.3

Bias Level Sbias [APU] 1150

Table 5-1: CCDspecifications ofKAF-0401E

The camera digitizes to 14 bits, this means that it will output 16384 levels. As each

charge is transferred, not every electron will be carried along with perfect efficiency. The

effectiveness with which the transfer process occurs is measured by the Charge Transfer

Efficiency (CTE). Typically, charge may be transferred with an efficiency greater than

99.999% per pixel.

The readout noise can be thought of in two ways. First, there is not perfect

repeatability each time charge is dumped out of the CCDand digitized. The second

aspect of noise is the injection of unwanted random signals by the sensor and electronics

which ends up getting digitized along with the pixel charge. In addition, every analog to

digital conversion circuit will show a distribution or spread about an ideal conversion

value. In cither case the result is a certain uncertainty which is referred to as noise,

specified in electrons (e").

System gain is a way of expressing how many electrons of charge are represented by

each count (ADU). A gain of 8.3 electrons/ADU indicates that each count or gray level

represents 8.3 electrons.

The Quantum efficiency (QE) is the ratio of the number of detected electrons divided

by the product of the number of incident photons times the number of electrons each

photon can be expected to generate. Typically visible wavelength photons generate one

electron-hole pair. More energetic photons generate one electron-hole pair per each 3.65

cV of energy. The CCDsensor should be therefore illuminated with light that matches

the sensitivity of the sensor. The light emission spectrum of the scintillating mixture

satisfies this requirement very well. Figure 5-1 shows the quantum efficiency of our

camera system.
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Figure 5-1 : Quantum efficiency of the CCDsensor KAF-0401E

5.1.2 Upper limit for the signal-to-noise ratio caused by statistical

fluctuations

The upper limit of the signal-to-noisc ratio is first given by the common statistical model

that treats the amount of fluctuations expected as if statistical fluctuations were the only

origin. Then, in Section 5.1.3, the model is modified in order to be consistent with the

measured data.

We consider only one single fibre detector. The light photons produced in the

scintillating volume have a probability p to be transferred and detected by the CCD.

"Detected" means that they will produce a charge in the CCD, which can be true or false.

Thus the outcome of the detection process is distributed according to the binomial

distribution. The process is characterised by a low probability of success for each

individual photons (p«l) thus the binomial distribution reduces to the Poisson

distribution.
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The variance of the Poisson distribution is equivalent to the mean value of the

distribution, thus, if N7 is the number of counts (charges) produced by the incident

photons for a given CCDpixel, then the expected variance is

ay2 = Nr (5-1)

The predicted standard deviation is just the square root of the predicted variance, or

After the charge has been collected on the CCDit is converted to a digital value. If g is

the Gain of the CCD(Table 5-1) then N7 counts yield to NJg ADUand the corresponding

variance is

1 1
(T2=-jN=- Sy [ADU] (5-3)

r g2 r
g

r

where S7 is signal expressed in ADUdefined as

N
S=^- (5-4)

g

To the number of charged N7 produced by the light photons we have to add the

contribution Ndark given by the dark count, which is time dependent, and the offset counts

(bias level) Nhias- Thus, the total counts per pixel are

Npud=Nr + Nbias + Ndark (5-5)

The overall noise per pixel apixeI is then given by

oj/ = ar + CTiLe + aLrk (5"6)

where <rnüüe is the readout noise and er^ is the dark noise given by the square root of the

dark count Ndark.

Again wc express 5-5 and 5-6 in ADU, thus the overall signal per pixel Spaeibecomes
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where o„„iSe/g is the readout noise expressed in ADU.

For every frame taken with the beam a background frame is taken without beam,

which is then subtracted pixel by pixel from the original frame. Thus the contribution of

the dark count and the bias level are automatically eliminated but not the corresponding

noises. Thus after background subtraction the signal Spnei is produced only by the

incident light photons and therefore it reduces to

pixel -Nr=Sy
g

[ADU] (5-9)

but the corresponding variance is larger, namely

o%d=-(Sv+2SdaH[) + 2

g Kg
[ADU] (5-10)

Nowwc consider what happens to the predicted variance if we sum the signal of several

pixels over a region of interest (ROI). The fibre is mapped on the CCDand it produces a

cylindrical spot that has a diameter of several pixels. In our measurement the magnitude

of the lens system is typically 0.0548, which means that 2 mmoptical fibres have an

image with a diameter of 109.6 jam that corresponds to approximately 12 pixels (the

circumference Çf mFigure 5-2 delimitates the fibre's spot image). The radius of the ROI,

delimitated by the circumference ÇROj, is about 1.6 larger than the fibre radius (Chapter 3,

Section 3.4.2), and correspond to about 10 pixels. The signal is therefore integrated over

325 pixels although the mapped fibre extends over only 121 pixels.
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Figure 5-2: Schematic view of one mappedfibre on the pixels
matrix of the CCD. The grey pixels correspond to those pixels,
which are summedto obtain the integral signal.

If we suppose, that the counts produced by the light photons is the same for all pixels

inside Cf, which is close to the truth, and that no signal is collected outside Cf then the

integral signal S after background subtraction is simply

1

/ ."mW

pixel

naS„ (5-11)

where the sum is to be take over all n pixels inside Croi and a is the ratio between the

number of pixels for the mapped fibre and the one for the ROI. The integral signal

outside Ç/-is 3%of the total signal 5", therefore equation 5-11 would give the correct result

if wc would increase the true Sy of about 3%.

With equation 5-10 we can calculate the variance a2 of the integral signal S, this leads

to

2
1 2 2 ,

a = -naS + -nSdark +—nanoise
g g g

-(S + 2nSdûrk) + 2n

g lg
(5-12)

With equation 5-12 we want to emphasize that, although the signal is collected essentially

inside the central circumference (/, the noise contribution extends till the external

circumference Croi decreasing the dominance of S for the variance cr2. Thus expression

naSy can be seen as a smearing of the signal 5^ over the pixels of the ROl, where S7 is

scaled by the factor a. However for large Signal the variance is still largely dominated by

the first term of equation 5-12 while for small signal also the second and third terms will

be dominant.
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Example 5-1

Typically a dose of 0.3 Gy originates a signal S of 150 000 ADU. Wesuppose

that the exposure time is 5 minutes, which means a dark signal Sdm-k of 3.8

ADUper pixel. The gain g is 8.3 e7ADU and the readout noise a„olse is 14.1

c~ as reported in Table 5-1. The number n of integrated pixel is 325. Thus,

using equation 5-12 we have

-ll/2

= Vl 8072+ 298+ 1879 = 142—(150000 + 2-325-3.8) +2-325-(14.1/8.3)2
8.3

The standard deviation a is 142 ADU, which leads to a relative standard

deviation of 0.09% (reciprocal of the signal-to-noise ratio). The uncertainty is

still mainly dominated by the statistical fluctuation of the collected photons.

For a dose of 0.01 Gy the signal is 5000 ADU. The standard deviation is

52.7 ADUand the relative error is 1.11%. Now the fluctuation is mainly

dominated by the readout noise.

= ^602 +298+ 1879 = 52.7<T =

, 11/2

—(5000 + 2-325-3.8) + 2-325(14.1/8.3)2
8.3

From the example above, for doses larger then 0.3 Gy the variance is clearly dominated

by the first term thus equation 5-12 reduces to

2
S

cr2=— (5-13)

and the signal-to-noise-ratio SNRbecomes

SNR=~= yfg\S (5-14)
S_

a

5.1.3 Deviation about the statistical model

Tests of the readout noise, dark count and especially of the bias level, have suggested that

the model proposed in the previous section need to be corrected, so that the prediction of

the uncertainty o is closer to the real case.
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5.1.3.1 Measurement of the readout noise

Equation 5-10 suggests a simple method to establish experimentally the dark count and

the readout noise. For a bias frame the noise per pixel reduces to

( V

l S J

Thus the ratio anmJg is equivalent to the measured standard deviation calculated for a

region of interest (in our case 200x200 pixels) near the centre of the bias frame. We

measured a readout noise of 1.6 ADU at -18 °C, which is consistent with the CCD

specifications (sec Table 5-1). The specified noise is 1.7 counts (ADU) at -5 °C. The

slightly lower readout noise found is a confirmation of a better stability of the readout at

lower temperature. For noise calculation we will use the noise found in our test, thus 1.6

ADUor 13.3 c".

5.1.3.2 Measurement of the dark current

Nowwe consider the dark current and we refer always to Figure 5-3. In the figure we put

together the mean pixel's values of several background frames measured at different days

between the end of 2002 and the summer of 2003. Again the mean pixel's value was

calculated within a region of interest of 200x200 pixels. The CCDwas always placed in a

lightproof box and measurements have been done in a dark room. The CCDsensor was

cooled between -18 °C and -12 °C. The data of each set of measurements have been fitted

to a linear function. The linear function is plotted in the figure as well. A set of

measurements consists in a number of frames taken in a specific day (thus, we are

considering 4 different sets marked from I to IV). The slope of the fitting function and the

intersection between the function and the y-axis correspond to the dark current and the

bias level respectively. For a CCDsensor with perfect reproducibility all the data of the

figure should lie on the same fitting function. But this is clearly not the case. From the 4

fitting functions we obtained a mean dark current of 0.68 ADU/min. The largest dark

count of 0.75 ADU/min was measured for 1 and 11 which is understandable due to the

higher temperature of the CCDsensor. For a short period of time the dark count remained

almost constant, which justified the background subtraction to eliminate the dark

contribution within the same set of measurements. However, from time to time the dark

current should be tested in order to predict correctly the dark count noise contribution.
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Figure 5-3: Dark current measured in four different days.

On the other hand the bias level changes even for a short period of time. The tendency is

to increase in the long run. In November 2002 (IV) the measured mean bias level was

1151.74 ADUand in summer 2003 (I) it was 4.42 ADUlarger, that is 1156.16 ADU. For

every set of measurements the mean bias level was different, and the differences were

significant. A priori we cannot exclude that changes of the mean bias level could happen

also within the same set of measurements. Indeed, these changes are the source of the

error bars shown in the data plotted in Figure 5-3 and they introduce a systematic error as

explained in the next section.

5.1.3.3 Fluctuations of the bias level and the systematic error

To investigate the fluctuations of the mean bias level, two sets of background frames

were used, with 31 and 16 frames respectively. The exposure time was the same within

each set, 45 seconds and 65 seconds respectively. For each frame we calculated the mean

pixel's count (Spae]) and for each set the standard deviations,
I}

of the mean(5^).
The two sets of measurements were consistent and show the same fluctuation amplitude

s{ 7>of 0.27 ADU. This uncertainty can not be explained from the measured standard
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deviation sPiXei of the pixel's count, which leads, for both sets, to a significantly smaller

expected fluctuation of 0.01 ADUcalculated with the ratio

^
(5-16)

V«

where, n is the number of pixels considered. In these specific experiments the square root

of« is 200.

The variance s pixei per pixel was obtained from the variance per pixel of the

difference image between two background frames with same exposure time. Indeed, s2pixet
is half of the variance of the difference image. Typically spixei was found to be 2.30 ADU.

The subtraction of two background frames, which leads to the difference image,

eliminates the dark count and most importantly the spikes due to abnormal dark current

of some pixels (see next section) and what remains is just the noise.

The exposure times arc short and therefore the expected dark count and

corresponding dark noise are very small. Moreover from the above consideration it is

justified to consider the same dark count contribution for frames within the same set.

Thus, the measured s(pu.cl) of 0.27 ADU could also not be explained with abnormal

fluctuations of the dark count. Thus it is plausible to understand the effect with a

generalized fluctuation of the bias level between frames of the same set. Wecan explain

the fluctuation to be caused by a systematic error ERRsyst of certain amplitude for the bias

level of each pixels. The word "systematic" was used due to the fact that the error

extends in the same way towards all pixels of a single frame. This means that the

difference between the bias levels of two repeated frames is almost the same for all

pixels. It must be noted that the systematic error affects the fluctuations between two

different frames but not those within the same frame. Thus we can characterize ERRsyst

with the following amplitude

s

h,KK
t

—S^paeIy -f=- (5-1 /)
V«

which leads to a systematic error of 0.26 ADU. Here and in the rest of the manuscript we

will use this amplitude for the systematic error ERRsys,. Therefore all mean pixel's counts

in Figure 5-3 arc plotted with error bars of ± 0.27 ADU.

Thus, for the integral signal S after background subtraction, it is necessary to add to

the standard deviation a, given by the square root of equation 5-12, the term
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(5-18)

which takes into account the contribution of the systematic error on the overall

fluctuation of the measured fibre signal.

5.1.3.4 Pixel count fluctuations

In this last section the measured pixel's count fluctuation spixei is compared with the

predicted one apixei given by 5-10 for background frame. The discrepancy observed will

be justified and it will be used to introduce a new term for the variance aPixei-
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Figure 5-4: The upper profile is a typical counts profile of a background frame. The

exposure time was 5'50". Some pixels are characterized by a much higher dark count,

which produces the spikes clearly recognizable in the background profile. The lower

profile is the results of the subtraction of two repeated background frames for the same

pixels as for the upper profile. Most of the spikes disappeared but not all of them

completely. The four arrows shows some of the remaining spikes. It was added

artificially a constant offset of 1100 ADUto the difference profile for readable reason.

Figure 5-4 shows two counts profiles for a background frame and for the respective

difference image. The upper profile is the original background profile (exposure time 350

seconds). The lower profile is obtained when another background frame with same
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exposure time is subtracted from the upper profile. For an easy comparison, a constant

value of 1100 ADU was added to each pixel of the lower profile. We can clearly

recognize some spikes related to some pixels that have a higher dark count contribution

than the most of the pixels. Most of these "noising" pixels have a similar behaviour and

they produce the secondary peak observed in the frequency distribution of Figure 5-5.

The package moves quickly to the right with increasing exposure time. It has to be noted

that for the frequency distribution a logarithmic scale was used, in order to emphasize the

"noising" pixels that correspond only to a few percentage of the total pixels number.

Most important their signal is well reproducible as pointed out from the difference

profile, where most of the spikes disappeared.

1 L [il \. l-TrrTVl-TTT T'T'.-r-T.T'T'T.'TVfrrTVT'T-TVT 'TTTTJ J. j I 1 I It | | f I .1 I. .j .»..fTI'.f'ITr-»..}. .y I t. ].\ j | ! 1 ? ' ! .

:|:::::']'iri]'I:::':::IJ::;:iriï:rTi;B frequency distribution—— ^

1150 1200 1250 1300 1350 1400 1450

pixel's value [ADU]

Figure 5-5: Frequency distribution of the pixel's count given by the number of
occurrences of a given pixel's count divided by the total number of pixels considered.

The arrow marked the secondary peak observed which is given by pixels with larger dark

current

Although the background subtraction is a powerful tool to eliminate the spikes observed

in the original frame, some of them still remain (e.g. arrows of Figure 5-4). Most of the

remaining spikes can be related to reproducibility failures, for which the fluctuation

exceed the expected statistical fluctuation of the dark count. The minority of them just

appears only in one of the two subtracted frames and they usually have a large value

(more than 100 ADU), we refer to them as "electrical spikes" caused by "bad pixels".
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One of the filters (Chapter 3, Section 3.4.1) used to manipulate the images was designed

explicitly to eliminate the electrical spikes larger than 100 ADU. The same filter was

used here before computing the variance 2s2PiXet in order to be consistent with the

reproducibility measurements of the fibre detector.

Consequently the remaining spikes enlarge the predicted variance and they cause the

discrepancy observed between s2pixei and a2pixei. Wetherefore add a new term o~2spike to the

expression of the variance 5-10, which takes care of the additional uncertainty introduced

by undesired background spikes, a2spike can be calculated from the measured variance

2s pixel of the difference image, that is

°ipite ~ SPixel "
dark ~~2(7noise (5_19)

g g

From our measurement we obtained a typical additional fluctuation aspike of 1.6 ADUfor

exposure ranging between 1 and 6 minutes. No significant time dependence was observed

for this range of exposure although a time-dependent component can not be excluded.

Further examinations in this direction arc needed. The noise aspike could be interpreted as

an enlargement of the readout noise, which, in this case, would be twice as the original.

5.1.3.5 Conclusion

Wcare able now to express a realistic lower limit for the fluctuation of the fibre phantom

system given primarily by the performance of the readout device. The square root of

expression 5-12 must be modified to include the noise introduced by the background

spikes and the systematic error of the bias level. Thus the uncertainty a of the integral

signal after background subtraction is given by

a=\-(S + 2nSdark) 4- ^o^ + 2na)p,kc 4- 4lnERRsys1 (5-20)

If we consider that, for our CCDsensor

anoise [ADU] -

aspike [ADU] (5-21)

then the expression reduces to
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a = J-(S + 2nSdark) + Antrim + -JînERS^ (5-22)

It is to node that each quantity of the expression 5-22 must be inserted in ADU.

Example 5-II

Weconsider the same situation of Example 5-Ï but using the expression 5-22

For a dose of 0.3 Gy wc have

—(150000 + 2 325 3.8) + 4 325 1.62
8.3

1/2

+ 72-325-0.26 =

= Vl 8072 + 298 + 3328 +120 = 267

The predicted standard deviation is 267 ADU which leads to a relative

uncertainty of 0.18%. The dominance of the statistical fluctuation of the

collected photons is lost as it is almost equivalent to that given by the

systematic error.

For a dose of 0.01 Gy the predicted uncertainty is 185 ADU and the

corresponding relative standard deviation is 3.7%., indeed

a = —(5000 +2-325-3.8) + 4-325-1.62
8.3

-.1/2

+ 72-325-0.26

= ^602 + 298 + 3328+120 = 185

the error is primarily given by the systematic error.

For 0.6 Gy we have

—(300000 + 2-325-3.8) + 4-325-1.62 + 72-325-0.26 =

= 736145 + 298 + 3328+120 = 319

the relative standard deviation is then 0.11%.
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5.2 Experiment to establish the reproducibility within the

same day

5.2.1 Methods

The reproducibility was found by exposing the fibre phantom 19 times to the same dose

distribution one after the other. For this purpose, instead to deliver homogeneous dose

distribution, it was decided to apply a monocncrgctic beam scanned over a large 24 x 16

cm cross-sectional area. The entrance energy of the protons was 138 MeV. The scan has

a lateral homogenous extension that covers all the radiation sensitive cross section (inside

the module B, Figure 3-5, Chapter 3) and it delivers an increasing dose with depth.

However some fibre detectors are at the fall-off of the Bragg peak and they receive

consequently lower dose. The dose delivered is about 0.27 Gy at the entrance and about 1

Gy at the Bragg peak. It was therefore possible to examine the dependence of the

reproducibility with the dose. This is a valid approach because, as explained later, it gives

the opportunity to make additional conclusions that would not have been possible to

make with the delivery of homogeneous dose distributions.

The delivery of each scan took between 4' 30" and 6' 10". The light emitted within the

scintillating volumes and transferred by the optical fibres was continuously collected by

the CCDduring the entire scan and saved as a digital image. After each series of 4-5

exposures the dark signal was measured with the beam OFF with an exposure time

between 4 and 6 minutes. The reference image is called background frame and was used

for background subtraction. In addition to the background subtraction two different filters

have been applied to the mapped fibres. The first filter was used to eliminate the

electrical spikes due to the bad reproducibility behaviours of some CCDpixels, and the

second one to eliminate the contamination spots due to scattered radiation that struck the

CCD sensor during dose delivery (sec Chapter 3, Section 3.4.1). After image

manipulation (background subtraction and image filtering) the integral signal was

calculated for a region of interest (ROI) around the mapped fibre.

5.2.1.1 Experimental setup

All measurements have been made with the treatment gantry in the vertical position (0.0

degrees). The PE phantom was positioned on the experimental table of the gantry in a

way that the geometrical centre of module B projected on the plane XZ was coincident

with the centre of the field given by the steering files. Experiments were performed with
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the box phantom with removed module G, without any additional material on the top of

the phantom.

5.2.1.2 Evaluation of the reproducibility based on repeated measurements

St,k is the measured integral signal after image manipulation of the z'-te fibre detector for

the image k. After a sequence of« repeated exposures the mean measured signal (5,)1 for

the fibre i is simply given by

n k=l

and the variance sf associated with each measured signal Si,k is then

i "

2 1 x-<

S>

n-
Ife-W,)2 (5-24)

The uncertainty (standard deviation) si is then simply the square root of the variance.

Another quantity used to explain the data is the average, over all mfibre detectors of

a single measurement k, of the relative signal Suk l(S)j, thus

1 m S

•V<5>.} = -£7ir (5"25)

Si.
and the corresponding quantity for the fluctuation of the ratio ——is

<S),

m-\
lml

2

Z(^a/W--(^/(^)>)
1/2

(5-26)

The general dependence of the uncertainty s with the signal S was found by fitting the set

of variances sf versus (S)t to a linear function (linear regression).

5.2.2 Results

In Figure 5-6 we plotted the mean of the ratio Suk /(51), given by equation 5-25 for the set

of measurement consisting of 19 frames. The error bars are calculated with equation 5-26

66



and they give the amplitude of the fluctuations of the considered ratio for the single fibre

detector of a given frame. Thus, the error bars must not be confused with the error

expected for the mean ratio, which is given by sra[ioJi 14m and is therefore much smaller.

The data are plotted after both filters have been applied to the frames. The arrows on the

plot indicate between which measurements background frames have been taken. Lastly,

the exposure time is given for each measurement.
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Figure 5-6: Mean of the relative signal Slk/{S), for 19 repeated subsequent
measurements. The error bars are calculated with equation 5-26. The exposure time for
each frame is given. The three arrows indicate between which measurement background

frames have been taken. The ellipse emphasizes the sample of central measurements, for
which the beam was particularly stable and the exposure time was the shortest.

There is one measurement, the number 16, that has values that deviate from the values of

the other measurements. It has a significant lower mean value and a much larger

fluctuation srano. This leads back to a problem arose from the dose delivery and not from

a malfunction of the dosimetry system. Wewill come back to this point later in Section

5.2.3. The measurement number 3 is affected by a similar problem, but not so generalized

as for frame 16, again this will be discussed deeply later. In the present work we are

mainly interested in the reproducibility and stability of the dosimetry system and not

those of the dose delivery system, thus it is justified to exclude the measurements number
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3 and 16 for reproducibility calculations. The mean signal (S),-was already established

ignoring the two frames.

In Figure 5-6 we recognize a tendency of the mean ratio to increase for subsequent

exposures and to drop after background measurements (in correspondence with the

arrows of the plot). The tendency to increase is caused by the nuclear activation of the

phantom at each beam exposure, which produce ionizing radiation that induces the

powder to scintillate also after proton beam has stopped. An eventual long component of

the after glow of the scintillating mixture could also produce light after beam delivery.

The light emission due to nuclear activation and after glow is expected to decrease

exponentially with time. This can be seen very nicely again from Figure 5-6, indeed, the

lower signal observed just after background measurements is a clear sign that the

activation produced before noise collection is affecting very little the measurement done

afterwards. The beam stopped for at least 12 minutes during noise measurements as we

took always two background frames one after the other. It must be noted that the signal

variation is very small. The relative difference between the smallest (k = 1) and the

largest (k = 14) signal measured is only 0.66%. The ability of the dosimetry system to

measure such small variations and tendencies is already an indication that the system as a

very good reproducibility.

The error bars of the figure will be now considered. The standard deviation sratio,k

seems to correlate with the exposure time. The differences in the dark count contribution

are too small to explain the observed discrepancy of smuo,k- For a sample of 9 central

measurements (from frame 5 to frame 13 emphasized by the ellipse within the figure) the

beam was particularly stable during the entire dose delivery, proved by the smallest

exposure time of 4' 30" and the smallest fluctuation srauo- The dose was applied without

beam interruptions, without any interlocks. This was not the case for the other

measurements. There, where the exposure was longer than 4' 30", there was at least one

beam interruption during the scan, mostly caused by beam instability. Larger beam

instability probably causes larger delivered dose fluctuations as observed in the changing

Sratio,k.

As already mentioned the fluctuations of the measured signal for repeated

measurement are affected mainly by two components, one given by the dosimetry system

and the other one given by the dose delivery system. In general it is very difficult to

separate the two components, which affect the results simultaneously. However, at least

for the increasing srati„,k, there are some indications that this is mainly due to an

increasing instability of the beam and is therefore related to the dose delivery system.
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5.2.2.1 Dose dependence of the variance

Each fibre detector has is own gain. The same absorbed dose produces different signals S

for different detectors. The uncertainty of S is expected to be a function of the signal

itself and therefore one should be prudent to extend this relation to a dependence on the

absorbed dose. Thus, for correctness, it was first found the relation between the integral

signal S and variance s2.

1 4e+006
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1e+006

800000

600000

400000

200000
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Mean integral signal <S),

Figure 5-7: Variance s* versus mean integral signal (S), observed for the i-te fibre

detector The data are fitted to a linear function. The predicted lower limit is given by a2

calculated with equation 5-22. The upper limit is given by a straight line drawn to have

all data below the line.

Figure 5-7 shows the plot of the measured variance sf as a function of the mean integral

signal (S),. The data have been fitted to a linear function that characterizes the

performance of the fibre phantom. The predicted lower limit is given by the performance

of the CCDand is calculated with equation 5-22 for a mean exposure time of 4' 47" and

for a dark current of 0.75 ADU/min (the dark count measurements I (Figure 5-3) and the

repeated scans we are considering, have been preformed the same day). The upper limit

corresponds to a linear function drawn to have all data below the line. As expected the

variance increases with the signal and is larger than the predicted lower limit. More

useful and of easier understanding is to consider the relative standard deviation as a

function of the integral signal. The result is plotted in Figure 5-8. The predicted lower

limit, the upper limit line and the fitting function are those calculated for Figure 5-7. It
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can be clearly recognized that the predicted a gives a realistic lower limit for the

performance of the fibre phantom.

To each signal S, measured by the fibre detectors, it is now possible to associate the

error s given by the fitting function.
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Figure 5-8: Relative standard deviation s, f(S), versus mean integral signal (S)t for i-

te fibre detector The fitting function and the limits are obtained from the square root of
the corresponding Junction drawn mFigure 5- 7 The top-axis shows the typical relation

between the integral signal and the absorbed dose.

Next, we would like to generalize the current result, in order to estimate the relative error

when a certain dose is measured. This is possible due to the fact that, as explained in

Chapter 3 and shown in Figure 3-4, most of the fibre detectors have a similar gain

(relative standard deviation of 6%). Fluctuations of 6% of the integral signal between

different sensors exposed to the same dose affect very little the values of the associated

errors, which can be approximated very well with the error calculated with the mean

signal. In average an absorbed dose of 1 Gy produces an integral signal S of 500*000

ADU. Therefore on the top of Figure 5-8 the dose-axis was added. Table 5-2 summaries

the results of Figure 5-8 focusing the typical therapeutic dose range (from 0.2 Gy to 1

Gy). For example an absorbed dose of 0.6 Gy would be measured with an uncertainty

between 0.11% and 0.34%. The most probable uncertainty is 0.21% that indicates that

the reproducibility of the fibre phantom is very high.
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O.Ol 0.05 0.20

Dose [Gy]
0.40 0.60 0.80 1.00

Upper s/S [%]
Fit s/S[%]
Lower s/S [%1

4.30

1.66

3.7

1.36

0.74

0.80

0.61

0.37

0.24

0.42

0.26

0.14

0.34

0.21

0.11

0.29

0.19

0.09

0.26

0.17

0.07

9 Frames s/S f%l 1.21 0.54 0.27 0.19 0.16 0.14 0.12

Table 5-2: Examples for the calculated relative standard deviation si S obtained by fitting the set of
measured variances to a linear function. The upper and predicted lower limits are given as well The last

row shows the fitting results when only the central sample of9 repeated measurements is considered (those
within the ellipse of Figure 5-6).

Again it should be considered that the test is affected by both dose delivery errors and

dosimetry errors, thus it is plausible to think that the true uncertainty of the dosimetry

system alone is lower than that given by the fitting function of Figure 5-8 and closer to

the predicted lower limit. A clear indication of this last point is given considering only

the sample of central measurements, for which the beam was much stable and performing

the same data analysis.
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Figure 5-9: Relative standard deviation s, /(S), versus mean integral signal (S), for the

i-te fibre detector when only the central sample of 9 repeated measurements is

considered (those within the ellipse of Figure 5-6) For the fitting function and the limits

weperformed the analogous proceedings as for Figure 5-8.
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Figure 5-9 is the analogue of Figure 5-8 for this particular sample and the last row of

Table 5-2 reports the values calculated with the new fitting function. The values are now

closest to the predicted lower limit. There is a portion of point that lies below the lower

limit, which again indicates that a is very close to the true uncertainty of the fibre

phantom system.

On the other hand we can conclude that also the dose delivery errors are very small,

less than those given by the upper limit of Figure 5-8. Although the spot scan technique is

a challenge of the technique that requires complex facilities, the gantry at the PSI can

deliver the dose with very high reproducibility. But the reader must remember that in this

analysis we eliminated expressly those frames (k = 3, 16) with larger dose deposition

discrepancy (see next section).

5.2.3 The eliminated frames: unusual dose deposition

A simple but powerful method to compare similar frames exposed to the same proton

field is to visualize the relative difference in relation to the position of the single fibre

detector, in order to observe eventual tendencies. Each white squares of Figure 5-10(a)

belongs to one mapped fibre detector following the same schema of Figure 3-12 in

Chapter 3. The square is white only when the relative difference between two integral

signals for the respective detector is larger than a given threshold value. Thus the number

of white squares is an indication for the reproducibility of the measurement and the

position tells which detectors are involved.

Figure 5-10 should be considered together with Figure 5-11, which describes the

frequency distribution of relative deviation about the mean signal (S)t. In this section the

expressions "error" and "deviation" are interchanged.

Figure 5-10(b) is representative for most of the frames k. The white square are mainly

random distributed and only a small fraction of the sensors (less then 1%), those at the

distal Bragg curve region, are eventually expected to have a modulo of the relative error

larger than 1%, thus the corresponding frequency function is characterized by a narrow

distribution as shown in Figure 5-11.

The analogue analysis for frame 16 is shown in Figure 5-10(c). The distribution is not

random at all. There are a large number of sensors (30%) with modulo larger than 1%

and they are distributed in columns. The corresponding frequency function is

characterized by a wide distribution centred at about -0.8%. Thus the signals are

significantly lower than the mean values and the largest negative deviation observed is

72



3.2%. The fibre detectors of a vertical line (Figure 3-12) have the same X coordinate and

tbey are irradiated at a well defined table position T when the gantry is in vertical

position. Ihc fact that there is such a clear tendency, where simultaneously most of the

sensors for a given position X have measured an anomalous dose signal, excludes the

possibility that this is due to a failure of the detector system as each sensor works

independently. Thus, the source of the anomaly has to be sought in the beam delivery

system (position of the table, performance of the monitors, see Chapter 6, Section 6.4).

The field was applied in the smallest exposure time, thus large beam instability is

excluded as well.

(;i) j.S f{S) -1| - 0 0 % -> 100% of Hie sensors (b) |,S':,, f(S) -1| > 0 2 %- 16% of the sensors

Max. difference 0.8%

(c) j,V„ f(S) I| >].()% < 30% of the sensors (d) |A",,/(,V), ]| !.()% > 7%oMhc sensois

Max différence -1.2% Max. difference - ] .6%

Figure 5-10. Modulo of the relatn e errat of the signal S, fat three different frames (k ~ 3,11,16) lite while

squares belong to fibi e detei. tors, for wIik. it the modulo is larger than the given value I he relative numbers

of sensors involved and the maximum deviation about the mean S
,

are given as well (a) All fibres are

shown following the schema of Figure 3-12 lb) Frame 11 the criai s are random distributed and no one is

larger than l"o (i.) brame 16 Woof the sensors has a deviation larger than l"o and there is a cleat

tendent y m Tdirei lion (d) Fiante ? Only 7"n of the detectors have a deviation target than l"u but for a

mell defined T range, e\i. ept for tw o sensors at the distal t egtoil of the Bragg t urve

Figure 5-10(d) shows the deviations for the frame 3. Again fibres with modulus larger

than 1% are distributed in columns but only for a small portion of the phantom. At that

position something "unusual" clearly happened. The fibres involved arc responsible for
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the observed tail of the frequency distribution on the left side starting from about -0.7%

till -1.6%. The exposure time was longer than the one of frame 16 and we cannot exclude

that the sources of the anomaly could be different for the two scans.

0 25
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g 015
II

§
>

s oi

0 05

o

3 5 -3 -2 5 -2 -15 -1 -0 5 0 0 5 1 15

relative error [%]

Figure 5-11 : frequency distribution of the relative error of the signal S,for the frame 11,

16 and 3

5.2.3.1 Conclusion

From the above considerations it is justified to eliminate the frames 3 and 16 from the

analysis of the reproducibility of the new dosimetry system. But they should be

considered if we are interested in the reproducibility of the dose delivery system.

The fibre phantom can significantly detect small dose deposition variation (less then

1 %) and tendency can be recognized. The fibre phantom can be therefore used to check

the performance of dose delivery system, which is an essential point in the quality

assurance of the proton radiotherapy.

The structure of Figure 5-10(c) and (d) characterized by the "column distribution"

was observed for many other experiments performed at the gantry with the fibre phantom

between the end of 2002 and the end of 2004. The analogue structure was proved using

the CCD+ mirror dosimetry system. It is difficult to apply any statistical model to this
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structure to predict when it should appear the next time and how strong it will be, as it is

an accidental process. What we can do is to give a range for the amplitude of the effect

by comparing repeated measurements. Typically the effect was observed to give a

relative error from 1%to 3.5% even for box scans.

5.2.4 Image manipulation: background subtraction and image filtering

As explained in Chapter 3 (Section 3.4.1) two filters are applied to the original image, in

order to eliminate the electrical spike and the spots due to scattered radiation. In the

present section it is reported how the filters affect the reproducibility calculations, in

order to emphasize the need of image filtering for a proper data analysis and the

effectiveness of the filtering method adopted.

Figure 5-12, Figure 5-13 and Figure 5-14 show the relative signal St k l(S)l when no

filters, only the spike (electrical) filter and both filter are applied respectively. For each

Figure the percentage of detectors with modulo of the relative deviation \s, k l(S)t - ll

larger than 1% is given. For comparison also the relative standard deviation s/S for a

signal S of 300*000 ADU(about 0.6 Gy) is given. sIS was found through the linear fitting

function of the variance s2 versus signal S (for Figure 5-14 this was explicitly described

in Section 5.2.2.1). There are an appreciable number of sensors (1.4%) with large

deviation (> 1%) when only background subtraction is performed. The number can be

reduced by a factor 2 if the filter for the electrical spikes is applied. This filter already

reduces the influence of some spots due to scattering. The number is again reduced by a

factor of 2 or more when also the spot filter is applied. If we exclude from the above

consideration the distal fibre detectors, which are expected to give a larger relative

deviation (arrows of Figure 5-14), then the number of sensors with an error larger than

1%is reduced for all three cases and correspond to 1%, 0.4% and 0.1% respectively. This

means that both filters together reduce the number by a factor of 10. The effectiveness of

the filtering is also proved considering the relative standard deviation, which is reduced

from 0.52% to 0.21% for a typical signal of 0.6 Gy. It is to note that electrical spikes and

undcsired spots could affect the measured signal by more than 30%.
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Figure 5-12. Relative integral signal Sjk/{S)J for i-te fibre detector when no filter was

applied to the measured images Only 17 repeated measurement are considered (frame 3

and 16 are excluded for the reasons presented in Section 5 2 3) The relative standard

deviation for a dose of0 6Gy obtained with the method describe in Section 5 2 2 1 is given

The relative number of sensors with an absolute deviation from the mean integral signal

larger than 1%is also given
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Figure 5-13. Sameas Figure 5-12 but this time the spike (electrical) filter was applied to the

measured images
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BOTHelectrical and spot filter applied to the frames

1 4

1 35

1 3

1 25

1 2

1 15

1 1

1 05

1

0 95

09

i 1 1 r

s/Sr%]at0 6üy (121

(S« 300000 ADU)

Counts f%i 04
absDev>"1%

/
distal fibre detector

/ // y yy/
ii i 11 11 « i » « » i i i*»

\ N

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Frame k

Figure 5-14. Same as Figure 5-12 but this time both the spike (electrical) and the spot filter
were applied to the measured images In addition the arrows pointed out some of the fibres
that are positioned at the distal region of the bragg peak for which fluctuations larger than

1%are expected

5.3 Deviation over several days

To complete the discussion on the reproducibility we still need to give an answer to the

question concerning the behavior of the fibre phantom system over several days.

Significant gain changes were not observed for repeated measurements over

subsequent days, although abrupt changes cannot be excluded.

A generalized radiation-induced degradation of the scintillating volumes and of the

optical fibres is expected, which will consequently reduce continuously the gain over a

large period of time depending on the overall dose absorbed by the phantom. However a

generalized signal loss of the fibre phantom was not observed yet.

5.3.1 Possible source for abrupt gain reduction

Abrupt changes of the gain of single fibre detectors can eventually expected to happen for

the following reason:
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the optical fibre brakes somewhere

- the scintillating volume get unstuck from the optical fibre

dust deposition on the end side of the optical fibre

dislocation of the optical fibre inside the fibre collimator

5.3.1.1 Optical fibre brakes

At present the fibres are protected with a black rubber tubing and a black cloth. However

through a bad handling of the phantom an accident that brakes one or more fibres can not

be excluded yet (i.e. an object falls onto the fibres, the fibres get entangled somewhere,

etc.). For routine work a more robust fibre protection is therefore needed.

5.3.1.2 The scintillating volume get unstuck

This is still an open question. The optical cement was mixted with the scintillating

mixture, thus the cement properties, i.e. the cement effectiveness, could be reduced. Time

deteriorations, eventually accelerated by the radiation, could break the contact between

the optical fibre and the scintillating volume and reduce the transmission of the signal.

The use of the PMMAcylindrical support should avoid that this could become a real

problem.

5.3.1.3 Dust deposition

The fibre ends are in contact with air on the lens side. It is therefore plausible to thing

that dust can enter the lightproof box and could deposit on the optical fibre and partially

shield the signal. Particularly care should be done when the box is opened to handle with

the lens or the CCD, then the PMMAprotection (for the fibre ends) should be always

used. During measurement the protection is removed. In the future it is desirable the use

of a fixed thin transparent protection to place in front of fibres also during measurements.

We believe that at the moment the dust is the most probable source for abrupt gain

changes. But the gain can eventually change also in positive direction. Indeed, dust

previously laying on the fibre, can eventually fall dawn (i.e during phantom

transportation) and the signal could increase. From time to time the (ends of the fibre)

should be carefully cleaned.

5.3.1.4 Dislocation of the fibre

If the fibres are subjected to abrupt or continuously strengths then they could eventually

change there position within the fibre collimator, they could recede or advance from the

collimator with a consequently gain reduction. This was till now not observed yet.
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5.3.2 Gain changes over an interval of 4 months

The signal produced by one of the calibration steering files applied to phantom with an

interval of 4 months is compared.

5.3.2.1 Method

The calibration of the phantom was done in August 2004 and repeated 4 months later in

December of the same year. The experimental set up was the same and the fibre phantom

was not modified within the period considered. When the test was performed, at each

day, the scan was repeated twice one after the other. In August, due to strong beam

instability caused by the ring cyclotron, it took in average about 35 minutes to apply the

entire dose field, in December only 15 minutes.

The calibration steering file generates an SOBP of 11 cm with maximal entrance

energy of 214 MeV. The box field has a wide lateral homogeneous extension of 24 x 18

cm in T and U direction respectively, in order to guarantee a lateral flatness of the dose

over the entire sensitive cross section. Figure 5-15 shows the depth dose profile along the

central axis and the relative position of the sensitive box of module B when 8.8 cm of

PMMAare placed on the top of the phantom.

The scintillating volumes closest to the surface receive about 18% less dose than

those in the middle of the field. Furthermore the gains of the sensors are different towards

them. These two factors already lead to a natural variation of the predicted relative signal

uncertainty. However the expected variation is less then 0.1 %, thus, less than the bin size

use to compute the frequency distribution of the relative difference of the signal S, for

repeated measurements. The discussion on the distribution function is consequently not

affected by these factors.

To avoid any confusion the trivial definition of the relative difference is given: S,j

and S,j are the integral signal expressed in ADU of the z'-te fibre detectors for two

repeated measurements. Then the relative difference is simply given by

S —S
-^ ^--200[%] (5-27)

Wc decided to compute the difference like this instead to use the definition of the

standard deviation, in order to point out the sign of the deviation. It is of interest to know

if the gains of the sensors increase or decrease.
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Figure 5-15:Depth dose curve along the central axis for the box dose distribution used

to calibrate the fibre phantom. The dash lines delimitate the radiation sensitive region of
the fibre phantom.

5.3.2.2 Results and Conclusions

Figure 5-16 shows the frequency distribution of the relative difference of the signal 51, for

repeated measurements with an interval of 4 months and the distribution function of the

differences between those measurements repeated within the same day in December.

The distribution within the same day is narrow and all absolute values of the relative

differences are less then 1%. The analogue distribution was observed for the

measurement executed four months before, but for readable reason we omitted to plot it

on the same figure. The fact that the distribution functions for the measurements repeated

the same day are almost equivalent even though the exposure time is clearly different,

indicates that the dark count affects very little the uncertainty of the measured signal.

The difference over four month was calculated through the difference between the

mean signal per sensors measured at each day considered. A negative difference means a

loss of signal, a positive difference the contrary. The distribution is clearly wider than

those within the same day. However 92% of the fibres have still a modulo of the

difference smaller than 1.5% and only for six fibres (1.5%) it is larger than 3%. The six
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fibres represent isolated cases, for which the differences are negative and they should be

explained with abrupt gain reduction. The largest reduction observed is about 16.2 %, the

next one is 9.5%, and the others less then 5%. It is difficult to say if differences less than

3% are due to fibre gam changes or due to changes in the dose delivery system and

therefore wc leave any speculation for this interval. What is clear is that, although most

of the fibre shows a good stability over several months, a calibration is still needed.
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Figure 5-16: frequency distribution of the relative difference of the signal S,for repeated
measurement The dash line distribution was obtained from two measurement repeated
the same day (décembre 2004) The full line distribution was obtained from two set of

measurements repeated with an interval of four months between them (between August

and Décembre 2004)
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6 Proton Therapy at PSI

6.1 Gantry and spot scanning technique

The spot-scanning technique, developed at PSI, takes full advantage of the intrinsic

potential of the proton depth dose distribution for the treatment of deep seated tumours.

The compact gantry of the PSI consists of a rotating beam delivery system and a patient

table. The spot scanning technique is based on the step-and-shoot principle (Pedroni et al

1995, Pedroni and Enge 1995). The pencil beam has a Gaussian transversal profile of 7-8

mmFWHM"and is scanned in steps of 5 mm. A so called sweeper magnet moves the

beam laterally parallel to itself in one direction (U direction). Then by means of a range

shifter the beam is modulated in the energy (scan in depth, in S direction). The range

shifter inserts Polyethylene plates in the beam path to reduce the energy of the protons to

the desired value. The scan in the third direction, namely in the second lateral direction

(T direction), is achieved with movement of the patient table. This 3D position scan is

shown in Figure 2. The spot length is controlled by three independent monitors

(ionisation chambers) placed upstream to the range shifter plates. In this sense we can

speak of a four dimensional modulation of the beam, three for the position and one for

the time. This is an ideal technique to provide the intensity modulated proton therapy

(IMPT).

n

FWHMmeans Full-Width-Half-Maximum and corresponds to the full widht at half of the maximum of

the Gaussian distribution and is equivalent to 2.355xstandard deviation, that is: FWHM= 2(21n2) a
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Sweeper

Figure 2: The Gantry at the PSI and the concept of the spot scanning system. The beam

is shifted with the sweeper magnet parallel to itself. The range shifter scans the energy in

the beam path. The displacement in the second lateral direction is done by a shift of the

patient table. Additionally there is the option of rotating the patient support horizontally

(ß rotation).

6.2 Parameterisation of the proton pencil beam

A recent article of Pedroni et al (2005) presents the pencil beam dose model used in the

existing treatment planning package at PSI. As written in the abstract of the article the

goal of the paper is to "give a general overview of the various components of the model,

on the related measurements and on the practical parameterization of the results". Here

wc report those points of the article, which arc important to understand how the dose

calculations have been performed in the present work. Wewill use a slightly different

notation as in the article and additional information is given.

With the dose model, it is possible to predict the absolute dose directly from the

treatment planning, that is, from the steering file. The absolute dose delivered by the

model is normalized to the number of incident protons. Faraday cup measurements are

used to normalize to protons the monitor units of the ionization chamber used to measure

and to control the proton beam flux. Among others the dose model takes into account
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empirically the nuclear interactions effects, which produce a faint beam halo of

secondary dose around the primary proton pencil beam.

The knowledge of the spatial distribution of the protons of each individual pencil

beam at a given depth z is essential for dose calculation purposes. The spatial distribution

projected on the x-y plane (orthogonal to the proton direction) can be described with a

two-dimensional Gaussian function. The width aK of the distribution projected on the x-z

plane is in general different than the one (ay) projected on the y-z plane but both are

function of the depth z. The width of the primary proton beam is affected by the initial

angular-spatial distribution (phase space) of the beam at the exit window of the gantry

and by the beam broadening due to multiple Coulomb scattering when protons pass

through the matter (i.e. range shifter plates, air, patient). The spatial distribution can be

extrapolated from the depth dependence of the angular-spatial distribution, which can be

written as

AI(z)x1-2Bt(z)x6x iC,(z)fl'

n^D.x(z)

where

Dx(z)^Ax(z)Cx(z)-B2x(z)

f\x,9x^) gives the probability that a proton undergoing multiple scattering in the matter

will have (at the depth z) a projected direction in the x-z plane given by the projected

angle 6X and it will be found at the projected displacement x. The index "x" indicates that

we are treating the case of the projected distribution in the x-z plane. An analogue

expression can be written for the projected distribution in the y-z plane. In the above

formula we supposed that the beam is monocncrgctic and centered at x = 0 and y
- 0.

If we integrate expression 6-1 over x then we get the one-dimensional Gaussian

projected angular distribution and if wc integrate over 6X we receive the projected lateral

spatial distribution independent of the angle. Then the corresponding standard deviations

are

The parameters Ax(z), Bx(z) and Cx(z) describe the propagation of the multiple scattering

for a system consisting of laterally infinite layers orthogonal to the beam direction. The

corresponding transport equations arc

(6-1)

(6-2)
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(6-5)

©^(z')can be interpreted as the added amount of multiple scattering per unit length of

material at the position z'. Aqx, Bç>x and Cox represent the initial angular-spatial

distribution. For a detail description of the integral term and the term in the square

brackets the reader is refered to Chapter 8, Section 8.1.3 (indeed the square root of

Cx(z)l2 for initial zero phase space is equivalent to the integral form of equation 8-17). It

should be noted that in Eq. 6-4 not only the energy term pßc but also the density p and the

radiation length^ can be functions of the penetration depth z.

Ax(z) and the analogue Ay(z) are the relevant parameters that wc need to compute the

width of the spatial distribution as a function of depth as shown in equation 6-3.

Then the three-dimensional dose distribution of the proton pencil beam at a given

position (x,yë) in water is

D(x,y,z) =

T(z)

2nax(z)a (z)
e 2al(z)e 2ff;(z)

(6-6)

T(z) is the total dose expressed in Gy cm2 integrated over the whole plane perpendicular

to the beam at the depth z. If the pencil beam is centered in x = xo and v =

_yo then one has

to substitute the argument x and y with x - x() and y
-

yo in the above expression.

A physical model is also applied to T(z), which takes into account the momentum

band0 of the initial beam, the range straggling, the proton energy loss described by the

Bethe-Block equation, the attenuation with penetration of the primary proton flux due to

c

The momentumband 8p/p describes the initial energy spread of the beam at the exit of the nozzle when

no range shifter are inserted in the beam path. The values used on the PSI gantry are typically around ± 1 %.
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inelastic nuclear interactions and the energy deposition of nuclear collision products.

Most of the aspects just mentioned will be describe in Chapter 8. T(z) was also measured

experimentally with a large plane-parallel ionization chamber (diameter 8 cm) immersed

in a water tank. The chamber intercepts all protons in the beam. The free parameters of

the model have been adjusted in order fit the model to the relative shape of the measured

depth dose curve. T(z) is then stored as a normalized dose per incident proton in a Look

Up Table together with ox(z) and oy(z).

Based on experimental data performed at PSI equation 6-6 was modified in order to

take into account the observed dose halo around the primary beam. The halo is caused by

those nuclear secondary products that carry a fraction of the removed energy from the

primary beam and deposit their energy outside the primary beam.

Ream

z-axis

I Exit window

Range shifter

Air gap

D(x,y,z)

Water

Phantom

Figure 6-1: z is set to 0 at the level of the exit window d is the equivalent amount of water

of the range shifter plates g is the distance between range shifter and the surface of the

water phantom, w is the depth in water at the position z, thus w = z-zw

A two-dimensional Gaussian is used to describe the nuclear beam halo and is added

properly weighted to expression 6-6. The model considers also the secondary products

produced in the range shifter and their propagation in air between the range shifter and

the patient. In order to understand the modified expression for the dose distribution one

should first consider Figure 6-1. Then the dose D(xy,z) at a given water depth w for a
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water phantom positioned at zw with an air gap g and range shifter plates d deposited by a

single pencil beam centered at x
- 0 and;y - 0 is calculated with

D(x,y,z) = T(w + d)

Equation 6-7

l-f^w + d)

2nax(w + d)u (w + d)

2of (w+d) 2er* (w+d)
+ fm (w + d) Gm(x, y, w+ d)

where GM(x, y, w+ d)

and

w

w+ d

2<T}a{w\d)

orGI(w + d) =

w+ d + g

w+ d

2ttgni(w + d)

am(w + d)

- +

w+ d

2crlj(w+d)

2nuG1 (w + d)

It should be noted that w = z - zw. The following quantities T(w), ax(w), ay(w), /w(vv),

öjw(w) have been established for each energy used in the patients' treatment and are

stored in Look Up Tables (LUT). Thus the dose distribution can be calculated using the

LUTs and equation 6-7 after measuring the air gap g.fifKw) is the fraction of the integral

dose T(w) at a given water depth w assigned to the nuclear interactions. öm(w) is the

characteristic width of the nuclear interaction products when no range shifter plates are

inserted in the beam. Both^Xw) and ojvz(w) have Dccn established experimentally as a

function of depth and energy by measuring the dose deposited in the center of flat

concentric squared scanned fields. The measuredfifi(w) shows that up to 15% of the dose

can be attributed to the beam halo. The width due to nuclear interactions gnaw) is much

larger than the width of the undisturbed beam, for example for 160 MeVprotons, at a

water depth of 15 cm, oK,y(w) is less than 0.3 cm and aw(w) is about 5 times larger, that is,

more than 1.5 cm. The first term of GNt(x,y,w+d) describes the secondary products

produced in the water phantom, the second term those produced in the range shifter.

The dose Dtot(x,y,z) applied by a steering file at a given point consists in the

superposition of the dose of many pencil beams (typically lO'OOO spots in one litre target

volume). Therefore for the overall dose Dt0£x,yë) we can write

D,ul (x,y,z) = ^ W'D>' (x-x,>y-y<>z) (6-8)

The summation is to take over all the pencil beams / applied by the steering file for a

given field. Df'(x-x,,_y- v,,z) should be calculated with equation 6-7 for each pencil



beam i centered at (xt,y,). wl is the weight of the spot i, that is, the number of proton per

spot (also called spot length). The superscript d, is used to emphasize that for each spot

the number of range shifter plates inserted in the beam could be different and therefore

also the thickness d.

The spot length stored in the steering file is optimized in the treatment planning using

an interative x2 minimization procedure (Scheib and Pedroni 1992, Schcib 1993). The

optimization is necessary and vital, in order to achieve the desired dose distribution,

which should give maximal dose to the tumor but spare the healthy tissues. When dose

distributions are calculated for patient body, then the density distribution should be

considered (Schneider et al 1996, Schaffner and Pedroni 1998). The electronic density

distribution of the patient body is achieved with the CT (computer tomography). A

calibrated curve (Schaffner et al 1999) converts the CT Hounsfield units in proton

stopping powers, which are then used to convert the patient tissue in an equivalent

amount of water. A dedicated fast Monte Carlo code is also available (Tourovsky et al

2005) for dose calculations.

6.3 Definition of the absolute dose and dose control

The absolute dose delivered by the PSI gantry is defined using two different reference

dosimeters (thimble ionisation chambers) calibrated by the Swiss Federal Office of

Metrology and Accreditation (METAS) and following the proton dosimetry protocol of

the IAEA Code of Practice, TRS-398 (IAEA 2001).

The ionization chambers are calibrated in Co and when the chambers are exposed to

proton radiation correction factors arc needed for their response. Again we use correction

factors published by the IAEA Code of Practice.

The IAEA Code of Practice was preferred to the previous used ICRU report 59

(1998) mainly due to the better consistency of the dose measured with different types of

calibrated ionization chambers (Coray et al 2002).

The dose delivery is controlled by a plan-parallel ionization chamber. Two additional

ionisation chambers are used as redundant monitors. All monitors are placed between the

90° bending magnet and the range shifter. The dose model mentioned in the previous

section allows calibrating the main monitor in terms of proton per monitor units (MU)

using the predicted number of protons for a given dose measured with the calibrated

reference chambers. The dosage of each beam spot is counted in a preset scaler. When

the number of MUassociated to a given spot is reached the preset scaler send a signal to
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Chapter 6: Proton Therapy at PSI

a kicker magnet that switches the beam off. With the beam off the new position for the

next spot is reached and then the spot application start again.

Another independent approach to calibrate the main monitor is performed by means

of Faraday cup measurements, already mentioned in the previous section. When the

monitors arc so calibrated then, the discrepancy between the predicted dose and the one

measured with the calibrated chambers is very small (deviation less then 1%). However

the ratio between the two is used as a correction factor in the dose model in order to

guarantee that the delivered dose is defined by the international code of practice.

6.4 Performance of the dose delivery system

The proton beam at the exit of the ring cyclotron of PSI has energy of 590 MeVand a

current of 1.8 mA. An electrostatic splitter splits part of the 590 MeVbeam towards the

gantry beam line. In addition, upstream to the gantry the beam is degraded to therapeutic

energies so that the intensity is reduced to only about 0.2nA.

GANTRY Method Comment

DISCRETESPOT

SCANNING

• Series of static spots
• "step and shoot" method

• BeamOFF in between spots

Typical number of

spots for 1 litre

• A 7 mmFWHMbeam

scanned in a 5 mm3D-grid

• 21x21x21

~ 10'000 spots

Dose control of

each spot

• Monitor counts

• Preset scaler acting on kicker

• System waits for the spot

delivery to complete

• 1 -100 ms spot duration

• 10 ms in average

• Total reaction time of switch¬

ing OFFthe beam: 100 us

Dead time in

between spots

• Dose cheeks and beam

positioning checks using strip
monitor data

• 5 ms for position calculations

in the dose controller

Dead time: 5x10000 = 50 s

First Motion:

U-sweeper

• Wait 3 ms for beam to

stabilize at new position

• Dead time included above

Second Motion:

range shifter

• 30 ms to move plates
• 100ms for microphonics in the

monitors to disappear

• Dead time:

100msx21 x21 =44s

Third Motion:

patient table

• 1 s per change • Dead time: 21 x 1 = 21 s

TOTALDEADTIME 115s

Achieved speed of

scanning on gantry

3 000 spots/minute

Table 6-1: Spot scanning technique at the existing PSI gantry

Unfortunately, the intensity is not very stable. Indeed we observe intensity variations

of the split beam at the level of 50% on a 0.1 ms time scale. This last point has the
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consequence that the response time required for the primary monitor should be very fast

and, indeed, it corresponds to about 100 ps. The fast kicker has a reaction time of about

50 ps. Thus the reaction time of both, monitor and kicker, corresponds to about 1%of the

average time per spot. Table 6-1 summarizes the characteristic of the spot scanning

technique applied at the PSI gantry, emphasize is given to the dead time involved.

The instability of the intensity during spot delivery (Figure 6-2) compromises the

prediction of the number of monitor units that should be subtracted from the preset in

order to compensate for the delay for switching off the beam at the end of each spot. If

such a correction is not performed, then the proton flux per spot delivered by the same

steering file is slightly larger at higher intensity than at lower. This could lead to a

discrepancy in the delivered dose for different intensity, although the effect is expected to

be very small. For instance a generalized doubling of the intensity is expected to deposit

more dose in the order of 0.5%. Therefore an intensity dependent subtraction is available

for each energy applied in the treatment of patient. However the correction can be only

roughly estimated as the intensity is changing also during spot delivery15.

6-flpr-0e
26 0-1 31

Gboxl384_cto_101010 during scan

10 ns

Figure 6-2: Control of the dose by the fast beam switching used on the

existing gantry. The intensity of the split beam clearly fluctuates even

during the delivery of a single spot

Another problem that could produce a difference between the planned number of

protons for a given spot and the delivered one, is given by the microphonic effect. When

range shifter plates are inserted in the beam path, acoustic waves are produced, which

p At the present the PSI is testing a new dedicated superconductive cyclotron for proton radiotherapy
produced by ACCEL. The existing gantry should operate with the new accelerator in 2006. The beam

extracted by the new cyclotron is expected to be very stable. Thus, in the future it will be possible to predict
correctly the corrective subtraction of monitor counts from the preset as a function of the intensity.
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Chapter 6: Proton Therapy at PSI

induce signals in the monitors. The use of a vacuum window between range shifter and

monitors and the dead time chose of 100 ms for the second scan motion (Table 6-1)

reduces considerably the microphonics influence. In addition the gantry is equipped with

a new set of range shifter plates built in house, with a construction designed specifically

to produce less acoustic noise than the previous one. However it can not be excluded that

other sources could eventually produce the same effect in the monitors.

Dailycheck 2003. 6x6x6 cm2 box, dose at center of SOBP

0 94-

0.92-

0 90.

~| Meanreldose 0997, SD0012,n 110 |—

' i i ' i < r

16.05.2003 16.07.2003 16.09.2003 16.112003 16 012004

date

Dailycheck 2003, 6x6x6 box, dose at distal falloff of SOBP

1.5-

1.4.

1.3-

1 2-

1 1

O 1 0-
Q

TB 0 9-

0.8-

0.7-

0.6.

0.5-

138 MeV

160 MeV

177 MaV

214 MeV

<S

j Mean rel dose 0 997, SD0 03(=0 2 mm), n 109

1 1 1 1 1 1 , r

16.05.2003 16.07.2003 16.09.2003 16.11.2003 16.01.2004

date

Figure 6-3: Collection of the Daily Check data of the dose measured in the

centre (top) and in the fall-off (bottom) of a homogeneous dose distribution for
the beam period in 2003. The tolerance defined in the QAmanual is ± 3%. The

plots have been produced by Coray A.

An important part of the daily quality control of beam delivery system consists in the

measurement of the dose applied by a reference steering file, which scans a homogeneous

volume of 6 cm x 6 cm x 6 cm. The dose is measured with calibrated ionization

chambers placed in the centre of the field and at the distal fall-off. Figure 6-3 summarizes
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the daily check measurements during the beam period in 2003. The delivered dose is very

stable as indicated by the relative standard deviation (SD) of 1.2% exhibited by the

measured dose in the centre of the field. However the relative SD at the fall-off is 3%(in

2004 wc observed a SDof 12%). Wcwill comment this last point below.

There are three fundamental aspects that affect the reproducibility of the dose

delivered by the facilities, namely:

• Stability of the delivered proton flux

• Stability of the initial proton energy spectrum

• Stability of the relative position between beam and phantom (or patient)

Wehave already discussed the reproducibility of the proton flux above.

The stability of the initial proton energy spectrum is given by the stability of beam

optics. The influence of small changes of the energy spectrum (variation of the

momentum band or of the nominal energy) on the dose in the centre of homogeneous

dose distributions is negligible but it is appreciable in the distal region. Indeed what is

mainly affected, in this case, is the range of the protons.

1 020-,

1.015

Daily check 2003, Range check

All energies

1 010-

1.005-

Ol

£ 1.000.

OL
^0 995-
m

""0.990-

0 985-

0.980

16.05

138 MeV

160 MeV

177MAV

214 MeV

DDnO,-,

DD1roorffV-
u4nLJnL

vv w SzY^z-
<&"

SQJ ÜQÄ^

Qcnooq^oû 0oa ^û-"A
~

—M

AC/p<ftA o

T ~r

2003 16.07.2003 16.09.2003 16.11.2003

Figure 6-4: Collected Daily Check data for range measurements in

the beamperiod 2003. The tolerance defined in the QAmanual is ±

2 mm

Thus, another important step of the daily quality control is the measurement of a

reference depth dose curve for a pencil beam using the large plan-parallel ionization

chamber mentioned previously. In the beam period 2003 (Figure 6-4) the measured range

was within 0.7% of the nominal range. This means, for instance, that the position of the

fall-off of 138 MeV protons is reproduced with an accuracy of about 1 mm. If we
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Chapter 6: Proton Therapy at PSI

consider that typically the penumbraq in the fall-off is of the order of 3 to 6 mm, then one

easily understand that the fluctuation of the range could considerably affect the measured

dose at the fall-off for repeated measurements. Wecan therefore understand the larger

fluctuation, mentioned above, observed in the dose measured at the fall-off. Indeed

measurements at that position are strictly correlated with the actual energy spectrum. Of

course, they are also very sensitive to the precision in the positioning of the ionization

chamber.

Lastly, we consider the third point listed above, namely the accuracy in positioning of

the beam. Two orthogonal strip ionization chambers placed behind the dose monitors

measure the beam position, which is corrected by adjusting the steering magnets if

discrepancy are observed during beam delivery. At the present the major source for

positioning differences is given by the stability of the ß angle, which is responsible for

the horizontal rotation of the patient table. The mechanical design of this rotation doesn't

fix ß perfectly. Thus during irradiation ß is continuously checked and automatically

corrected if necessary.

The points mentioned above show only marginally the complexity of the spot

scanning technique. The daily checks presented arc a small part of the whole quality

assurance (QA) program of the Division of Radiation Medicine of PSI that ensures safe,

effective and efficient patient treatments using spot scanning (Lomax et al 2004). Among

others the program defines a number of tests (measurements or checks) specific for parts

of the treatment sub-system, which must be performed with a given frequency.

Tolerancesr are defined for each test and if the sub-system is found to be outside of

tolerance, then specific actions must be taken. Eventually the patient is not treated till the

problem is solved and the sub-system is again within tolerance.

q The penumbra is defined as the distance, at which the dose falls from 80%to 20%
r

For instance, the tolerances defined in the QAmanual (Lomax et al 2004) for the dose, range and position
measured in the daily check program arc J-3%, ±2 mmand ±2 mmrespectively.
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7 Medium Equivalence

In general two different media traversed by protons are equivalent if they produce the

same energy loss, multiple Coulomb scattering and inelastic nuclear interactions. Strictly

speaking this is never the case, although some materials are almost equivalent. Usually

different media arc related in terms of energy loss equivalence, as energy loss is the most

relevant phenomenon during the passage of therapeutic protons though the matter.

However, in the next sections three type of equivalence (related respectively to the

energy loss, multiple Coulomb scattering and nuclear interaction probability) arc

presented and compared by considering the ratio of equivalence RE. RE is the ratio

between the mass thicknesses of two different media, for which one of the mentioned

equivalence is satisfied. Here and in the next sections it is always referred to Figure 7-1.

Ie I

A/w.i^

Medium 1
ArwdO

Medium 2

Pmed,2 ^0,mcd,2 (o~^)med,2
Pmed,\ -^Ô,med,l (o^)meï/,]

\E
AE2 —E- Eau,2

t\E i
—b, - t*0lt( \

'nui ,2

Fjmc,\
&MCS,2 &x,MCS,2

$MCS,\ <yX[Mcs,\

Figure 7-1: Two different media with different mass thicknesses exposed to the

same monoenergetic proton beam. pmed, and X0mcdl are the density and the

radiation length of the medium i. (a/A)medl is the ratio between the total inelastic

nuclear cross section and the atomic weight of the medium. P„UCI is the total

nuclear interaction probability, umcs.i emd ox,mcs,i are the characteristic

scattering angle and the characteristic width of the beam respectively.

The two media of the figure have a different mass thickness Armed^ and different physical

properties pmed,i, X0,med,u (o~/A)medti but they are exposed to the same monoenergetic proton

beam with entrance energy E. The medium changes the characteristics of the beam,
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Chapter 7: Medium Equivalence

which, at the exit side, has a lower energy, a reduced flux, a larger angular distribution

and a larger size (characteristics related to AE[, PnuCj, umcs,\ and oXjmcs,\ respectively).

In the following sections first we give the general definition of REand how it can be

calculated. Then wc define useful quantities in the specific case when one of the medium

is water.

The last main section (Section 7.5) examines the water equivalence of the fibre

phantom system using the definitions and considerations of the previous sections. In

particular wc justify the use of constant relative stopping power values for the

constituents of the phantom and we estimate the errors when the nuclear interactions and

multiple Coulomb scattering are treated as water-like. Although the section is focused

mainly on the fibre phantom, the methodology used can be applied to understand the

characteristics of any dosimetry system for proton radiotherapy. The conclusions about

Plexiglass, Polyethylene and Polystyrene can be extended to all the methods that apply

such materials for dosimetry purposes.

7.1 Equivalence in terms of energy loss

Two slabs of different materials are equivalent in term of energy loss if the total energy

that the protons loose tranversing the slabs is the same in both cases. From Figure 7-1 the

energy loss equivalence is satisfied when AE\ = AE2
, exactly when the exit energy Enut,i

of the protons from the two media is the same. For simplicity, here, wc don't consider the

energy straggling and therefore we suppose that the proton are still monoenergetic at the

exit side (this is particularly true for smalF Armed,i). For a given exit energy it exists only

one set of thicknesses (Armed,\, Armed,2) for which the equivalence is satisfied and the ratio

of equivalence REfor a given energy loss AE is then defined as follows:

M*e =

Ar
meâ,[

yarned,2 Ji^

(7-1)

REae can be calculated using the stopping power and energy-range' Look Up Tables,

indeed from the definition of the stopping power and of the csda-Range (Eq.8-7) we

obtain

s
Indeed the variance of the energy loss distribution (section 8.1.2) is proportional to the path length (Eq.

8-10)
'

One should use the projected range (section 8.1.1) instead of the csda-Range but the effect on RE is

negligible
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Ar
med,]

Ar

r i flu

' '

p dx
E AE

dE

/ med\
R

rsda,med\
(E)-R,

csda,med\ (E~AE)

E-AE^

\_dE_
p dx

v1

dE
R

idûtmed2
(E)-R,

csda,med2 (E-AE)
(7-2)

'med!

Thus REis the ratio of the average mass stopping power (1 / p)(dE I dx) AE,
defined as

1 dF AF

-<-T>*E=TÏ— whcrc A^ -K,da(E)-RCSda(E~AE) (7-3)
P dx ARLiLl!

The formula 7-2 is the general expression for RE when the entrance energy and the

energy loss AE arc known. Usually AE is not given but the mass thickness of one of the

medium, for instance Armed,i- However AEcan still be found directly from the exit energy

Eout, for which it corresponds a csda-rmge Rcsda(Eout) equal to the difference between the

csda-rangc for the entrance energy E and the mass thickness of the medium, for instance

KdSEnut) = KdÀE)-Arn
med,2 (7-4)

Therefore Eout can be extrapolated directly from the energy-range Tables.

For very thin scatters the energy loss AEtends to zero and the expression 7-2 tends to

the ratio of the mass stopping powers at the energy E, namely

lim
AE->0

Ar.
medf\.

yarned,! J m

Lie.
p dx

/med 2

1 dE

y p dx
/med l

(7-5)

Wecall this the local REand is in general energy dependent.
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7.2 Equivalence in terms of nuclear interaction probability

The characteristic parameter11 for inelastic nuclear interactions is the ratiov (a/A) between

the total inelastic nuclear cross section and the atomic weight of the medium. Welook for

the ratio of equivalence REP for slabs of different material so that they would produce

the same nuclear interaction probability P„uc.

From equation 8-28 with pâx = dr we have

P AE^>E~AE,) = P .(£->£-A£?)

jW A)n*d,A = \(°IA)med!ldr (7-6)

1 (F-)-Ar„el/ , t*csda,msd2(E) Armedl

Given the entrance energy E and the thickness of one slab, for instance Armed^ then the

thickness of the other one, i.e Armed,\, can be calculated by numerical integration of

equation 7-6 and REP follows consequently:

RE
H*

Ar

i
Ar

,,

y med,2 J

k°IA)n

{alA)n
(7-7)

Where the average (crl A)medJ is defined with

,(E)

(°IA)med.Armed. = \(<?IA)medidr
K&until (E)-Armejj

(7-8)

Again we consider the case for thin slab where (o/A)med,\ is assumed to be constant, then

RE,
(°IA) med,2

(a/A)
(7-9)

med,\

u

Here we define the equivalence for inelastic nuclear interactions only in terms of the total nuclear

interaction probability. The type, the multiplicity, the energy spectrum and the angular distribution of the

emitted particles after nuclear events arc not considered. Strictly speaking, in general, two different targets
are never equivalent in terms of inelastic nuclear interactions because the equivalence should be satisfied

simultaneously for the type, the multiplicity, the energy spectrum and angular distribution of the emitted

particles.
v

We can give the following physical interpretation for the ratio (a/A): if we multiply (a/A) with the

Avogadro's number A^ and take the reciprocal of the result, we obtain the mean free path X between

inelastic nuclear interactions, that is X1 = NA (a/A) = NA "Zyvfa/A),
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7.3 Equivalence in terms of scattering

The equivalence in terms of multiple coulomb scattering cannot be defined uni vocally as

for the energy loss and the nuclear interaction probability and it depends strongly on the

geometry considered as described by the transport equation of Formula 6-4. This point

can be understood considering the pencil beam dose model reported in Chapter 6 (Section

6.2) for initial zero phase space. For simplicity we suppose that the two media of Figure

7-1 are in vacuum. As shown in equation 6-6 the dose distribution of the pencil beam at a

given depth is described by the beam width at that position. Thus, if we are interested in

the dose distribution directly below two slabs of different material than the two media are

equivalent in terms of scattering if they would produce the same broadening of the beam;

in this case the angular distribution is less important. On the other hand the angular

distribution directly below the media is extremely important if wc arc interested in the

dose distribution downstream to the slabs as emphasized by the z2 term for A(z) in Eq.

6-4. Indeed, at large distance from the slabs, the beam width can be predicted mainly

from the angular spatial distribution produced in the scatters. Thus, in this case, the two

media are equivalent mainly if they would produce the same scattering angle distribution.

First wc consider the equivalence for the angular distribution. The characteristic

parameter for the scattering is the radiation length Xo, which is used to compute the width

Qmcsof the Gaussian approximation of the scattering angle distribution* (Section 8.1.3).
The ratio of equivalence RE^ for a given scattering angle aMcs is defined

RE --(Ar „m/Ar ,,) (7-10)

"MOS V med,\' med,2'aMCS *' >

Using the annotation of Figure 7-1 two slabs would produce the same scattering angle

distribution if

cr2MCSl(E -> E - AE,) - a2MCSa(E -> E - A£2) (7-11)

and from the integral form of equation 8-17 this is true when

w

Note that in Chapter 6, Section 6.2 we use another notation for the characteristic scattering angle aMcs and

for the beam width ax MCs. There, these quantity are referred as a^ and ax respectively.
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1 + 0.038 In
Arra

y
\ Al),meii,l J

X,
O.med.l ff

l + 0.0381n
Ar,

d,2

ysL(),med,2 J

Rcsda med2(E) /

X,
merf>2^tfa^2^)-A^,i

1

dr

J medy\

\2

(7-12)

cscto.mutZ^f iArmed,2 \PßCJmed,2
dr

Given the entrance energy £ and the thickness of one medium, for instance Armed,2, the

equivalent thickness of the other medium, i.e Armed,i, is the one that satisfy equation 7-12

(numerical integration is required) and REa follows directly from the ratio of the

thicknesses.

For thin slabs, where the energy term pßc is assumed to be constant, the equivalence

is satisfied when

Ar

\ "/med,!

^

V ^0 yW2

(7-13)

and the ratio of equivalence becomes simply

"Eaur. —(X0 d j
I Xa d, ) (7-14)

Now we consider the equivalence for the spatial distribution directly below the scatters.

Two different absorbers would produce the same beam broadening if

yx,MCS,\\^rmed,\) ~ <^i,MCS,2\^rmed,2l (7-15)

and from equation 6-4 (with the substitution r - pz') this is true when

1 + 0.038 In
Ar

medX

\^(),med,l J

1
Ar, med,I f -i ^

l + 0.0381n
Ar,

med,2

\^0,med,2 J

^n,med,[Pmed.l 0 \PßCJmed,\
l\-JTr (AW->>

(7-16)

1

X-Q,med,lPmed,2 0 \PßC
J "öl (Ar^~rfdr

J med,2

For thin slabs the equation is reduced to
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(7-17)

Eq. 7-17 shows that the ratio of equivalence REa cannot be expressed with the ratio

between the radiation lengths and therefore it is clear that in general the equivalence is

not simultaneously satisfied for both the beam width and the angular distribution.

7.4 Water equivalence

Most of the experiments with therapeutic protons have been performed in water and most

of therapy plan algorithms use water as medium to predict dose distributions. Thus the

behaviour of protons in water is usually well known. Therefore different materials are

often converted in a equivalent amount of water in terms of energy loss. The proton

water equivalent mass thickness Ar we for a medium of thickness Armed is defined in terms

of energy loss as follows,

with

ArwL = RE^Armed

REae-
R

ida, v(E)~RcsdaSE-AE)

Ä„ (E)-R„dfE-AE)

(7-18)

(7-19)

From expression 7-5 the ratio REae for thin slabs of material can be approximated with

the ratio between the mass stopping power of the medium and the mass stopping power

of water, that is, with the relative mass stopping power (-\lp AEIàx)rei of the medium,

namely

RE

L<ËL
p dx

AE

/med
.

\_dE_
p dx

L^L.
p dx

(7-20)
J ret

Often it is comfortable to compare the geometrical thickness instead of the mass

thickness. Therefore we introduce here two additional concepts: the proton water

equivalent thickness p-WETand the relative stopping power ps. p-WETis defined as

101



Chapter 7: Medium Equivalence

p-WET := REmprêt Axmed (7-21)

Where pTe\ is the relative density defined as the ratio between the density of the medium

and the one of water and Axmed is the geometrical thickness of the medium.

For thin slab we obtain

p-WET' = ps AXmed (7-22)

where ps is the ratio between the stopping powers of the medium and the one of water,

thus

Ps=-

dE\

(U/med

( dE

dx

(7-23)

Similar expression to Eq. 7-20 can be obtained for REa and REP .
The results of the

water equivalence for thin slaps are summarised in Table 7-1

ArwE = RE, Armed with i = AE, ümcs, P»

REM=

f \dE^

p dx

REr„...=(°IA)re,

Jrd

RE, - rEae

REa*

4 =

REi^-REae
RE.r

Table 7-1: Ratio of equivalence in order to calculate

the water equivalent mass thickness in terms of energy

loss, scattering, and nuclear interaction probability.

The ratios are relative to water for thin slaps. (l/Xo)rei is

the ratio of medium to water (1/X0). (a/A)rel is the ratio

of medium to water (a/A). Solving equation 7-17 for

RE„ does not lead to a simple solution like those

reported above.

In most therapy plan algorithms and for simplified Monte Carlo calculation,

heterogeneity in the composition of the medium is converted into an equivalent amount
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of water. The medium is supposed to be made of many layers of different material, which

are then converted into an equivalent thickness of water only in terms of energy loss.

Thus the equivalence thicknesses for scattering and nuclear interaction probability

calculations could be over- or underestimated. The relative errors can be estimated with

Affand AP respectively (sec Tabic 7-1).

7.5 Water equivalence of the Phantom

The mean relative stopping power (pi ) is an important quantity used to establish the

depth of the effective measurement point of every scintillating volume inside the

Polyethylene phantom (sec Chapter 3, Section 3.3). (/?,) is calculated considering the

range of 180 MeVprotons. It is not expected that protons with a larger energy than 180

MeV would pass through the phantom. If larger energies are used, than an absorber

would be always placed on the proximal side of the phantom and, thus, the entrance

energy of the proton would be reduced. For instance, 180 MeV protons have a csda-

Range of 21.4 cm in polyethylene and for comparison the most distal scintillating volume

is at 21.0 cm from the surface of the phantom (cylindrical phantom irradiated under 45°).

The mean relative stopping power (p^) is then following defined

<A> : = prelREm)(^0MeV) (7-24)

The term "mean" follows directly from the consideration on equation 7-2. From the

expression for the ratio of equivalence (Eq. 7-19) it is clear that the mean relative

stopping power simply reduces to the ratio of the csda-Range at 180 MeV, namely

There are two main factors that cause uncertainty for depth calculations by using a

single constant mean stopping power value for a given material, that is: the energy

dependence of the stopping power and the uncertainty in the mean ionisation energy,

which affects the energy loss calculations.

The energy dependence of the stopping power requests the use of the ratio of

equivalence REae instead of the mean (pi ) for every AE considered. But to calculate

properly the REae we need to know the depth dependence of the energy spectrum of the
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proton passing through the medium, which is normally not available. For small structures

the use of the local REis justified, but also in this case the ratio depends on the energy of

the protons at the point where the structure is. Figure 7-2 shows the energy dependence of

the local REfor the constituents of the fibre phantom.

For air, Plexiglas, Polyethylene and Polystyrene the relative mass stopping power is

almost energy independent over a large energy range and therefore the use of a constant

mean {pf) is justified.

For PMMAand PS the deviation about the mean value at low energy is very small,

less then 0.3% for PMMAand about 1%maximum deviation for PS, therefore the range

calculations are also affected very little as the displacement for protons of low energy is

of the order of millimetres or less.

Air is not further considered due to the low density, which cause an insignificant

energy loss of the proton beam for thin structures.

S
Jk

8.
CD
C

EL
CL

Q

a
va

E

1 1 ' 1 ' 1 1 ,

11
^ PE

<

1
^-

,
PS

-

PMMA

09 Air
-

r
•

0.8

Scmtillatinq mixture

-

07 .^-—~~~~ . -

i , i . i

50 100 150

Energy [MeV]

200 250

Figure 7-2: Energy dependence of the relative mass stopping power (also called local RE) for
air, Plexiglas (PMMA), Polyethylene (PE), Polystyrene (PS), and for the scintillating mixture

P43+P20. The mixture has- the following constituents: 48 wt% Gd202S:Th, 12 wt%

(Zn, Cd)S:Ag, 40 wt% optical cement BC-60O The stopping powers have been calculated with

the Bichsel 's algorithm using the I-values for compounds published by the ICRU report 49 in

the following way- experimental 1-value of the medium for air, PMMA, PE and PS

respectively. I-value of the scintillating mixture calculated with the Bragg additivity rule

applied to the constituents of the mixture (using the schema of Table 8-1).
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For PE the maximum deviation from the mean value is only 4.4% at 1 MeV. This

causes a maximum absolute underestimation of the water equivalent thickness of 0.2 mm

for a 70,2 mmthick Polyethylene block as explained below.

The energy dependence of the relative mass stopping power for the scintillating

mixture is not as flat as for the material already considered and the deviation from the

mean value is about 18% at 1 MeV. However, considering the structure of one single

detector's head, the protons need energy of at least 21 MeVto reach and pass though the

scintillating volume. This is the minimum energy required to pass though 1.67 mmthick

PMMAand 1.57 mmthick scintillating mixture. Then the deviation from the mean value

is reduced to 5%, which corresponds to an absolute overestimation of the thickness of the

scintillating volume of 0.13 mm.

The approach just applied to examine the error of the estimate of the material

equivalence is backed up by the following consideration: the discrepancy between the

mean relative stopping power calculated with Eq. 7-24 and the true value is larger at low

energy. Thus, in general, for a given medium's thickness Armed, the largest estimation's

error of the water equivalent thickness is given by those protons that stop exactly at the

exit side of the medium, that is, for protons with entrance energy E that corresponds to a

range equal to the thickness of the medium, thus when

Kd.,med(E) = ArnKd (7-26)

Then the largest absolute error due to the energy dependence of the relative stopping

power is given with

1

'Wa.wV'W KCçdamt,d(b)
Pre!

(7-27)

Note that in the above expression the density of water pw is typically set to unit (therefore

also the factor in front of the brackets) and that the csda-mnge is expressed in g cm"
.
The

result is then given in cm!

Figure 7-3 plot the largest absolute error for Polyethylene as a function of the

geometrical thickness of the absorber. The curve reaches the maximum for a

Polyethylene block thickness of 7.02 cm. The error is then 0.02 cm as already mentioned

above. The corresponding energy that satisfies the condition given by Eq. 7-26 is then

95.5 MeV. The error is 0 exactly at 21.45 cm, namely for 180 MeVprotons; this follows

directly from the definition of the mean relative stopping power (pj given by Eq. 7-24,
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Chapter 7. Medium Equivalence
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Figure 7-3: Largest absolute error given by Eq 7 27 versus geometrical thickness of the

medium The medium c onsidered is Polyethylene

The largest error for (pi ) is given primarily by the uncertainty AI of the mean ionisation

energy and not by the energy dependence of ps The energy dependent relative error of

the mass stopping power S due to AI follows from 8-2, that isx

AS

S

'A/^ Klß1
\ ' J }_dE^

p dx

(ZIA) (7 28)

For mixtures and compounds (Allf) can be calculated with,

'AI^
A(ln/)

V -< J I>,(Z/^0,
^{wXZIAUAIJI,))2] (7-29)

The relative error Apjps is then

11

The relative error calculated with the formula 7 28 overestimates the true error at high energies Tndeed at

high energies the larger density effect reduces the dependence of the stopping power on / (ICRU report 37)
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Table 7-2 shows the relative error Apjps calculated for two different energies using two

different sources for the /-values. The relative error Apslps is always smaller than All I, for

instance 4 to 5 times smaller, except for the scintillating mixture (3 times smaller). The

relative stopping powers ps obtained with Janni /-values are systematically larger then

those obtained with ICRU /-values, although, for Plexiglas and Polyethylene, they are

within the calculated errors. This is due to the fact that the /-values used by Janni arc

obtained with the Bragg additivity rule of the /-values of the pure elements of a

compound instead of using the adjusted /-values that consider the chemical bounds

between the elements of a compound. This has the consequence that the /-values used by

Janni for compounds are underestimated and are systematic smaller than those of the

ICRU 49 (which has a schema for the /-values for compounds). Therefore, one should

use larger errors for the /-values than those proposed by Janni for pure elements, in order

to consider the uncertainty due to the chemical bounds when calculations are performed

for compounds. Then the calculated ps should overlap for both Janni and ICRU /-values.

AM Alii E = 21 MeV E= 180 MeV
<a)-/ä£„0(180)

Material
(Janni) flCRU) A Apjp, A Apjp, A Apjp, A Apjp,

(Janni) (Janni) (ICRU) (ICRU) (Janni) (Janni) (ICRU) (ICRU) (Janni) (ICRU)

Plexiglass 7.1 4.0a 1.176 1.5 1.150 0.8 1.169 1.2 1.148 0.6 1.170 1.149

Polyethylene 9.2 8.0" 1.043 1.7 1.018 1.3 1.026 1.3 1.007 1.0 1.030 1.010

Polystyrene 10.1 4.0" 1.064 1.9 1.032 0.8 1.052 1.4 1.028 0.6 1.055 1.029

Scint. mix 3.7 2.X 1.711 1.3 1.666 0.7 1.786 0.9 1.750 0.5 1.769 1.732

Table 7-2: Relative stopping power ps and corresponding relative error Apjps in %for 21 MeVand 180

MeVprotons. Al/I is also given in %and has been found with expression 7-29 using the I-values from
Janni and the ICRU report 49 respectively.
"Al/lfor the corresponding compounds explicitly given in the ICRU report 49 (eq. 7-29 was not used)

Figure 7-4 summarised the above considerations when both, the uncertainty in the

ionisation potential and in the knowledge of the proton energy spectrum, contribute to the

error for the mean relative stopping power (a) •
The error bars of Figure 7-4 have to be

understood as shown below,

<> (A)

-1- P
Aps,,,

s,mm *-*fS&,mm

where pKmax := max[/\(2lMeV): /^(lSOMeV)]

where p,,mi„ :=min[/?<(21McV): ps(180MeV)]
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Chapter 7: Medium Equivalence

The asymmetry of the error respect to (a) shown in Figure 7-4 is primarly due to the

nonlinearity of the stopping power at low energies.
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Figure 7-4 Comparison of the mean relative stopping power (ps) between those

calculated with I-values published by Janni and by the ICRU 49 respectively, for Plexiglas

(PMMA), Polyethylene (PE), Polystyrene (PS), and for the scintillating mixture P43+P20

The mixture has the following constituents 48 wt% Gd202S Tb, 12 wt% (Zn,Cd)S Ag, 40

wt% optical cement BC-600 For the understanding of the error bars see text

Table 7-3 reports the mean relative stopping power (ps) with the corresponding

absolute error A(a) obtained by adding the square of standard deviation of the energy

dependence and the mean error due to AI.

Material
(A)

(Janni)

<A>

qcRU)

Plexiglass
Polyethylene
Polystyrene
Scint. mix

1 170 + 0.015 1.149 + 0.007

1.030 + 0.015 1.010 + 0.011

1055 + 0.017 1029 + 0.007

1 769 + 0 026 1 732 ± 0.023

Table 7-3: Mean relative stopping power

It is interesting to note that the relative stopping power for human compact bones is very

close to the value of the scintillating volume. Indeed for 138 MeVprotons a 1S about
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1.72y. Thus, from an energy loss point of view they are almost equivalent and they

interfere in the same way with the proton beam. Therefore, probably also the accurancy

of the dose deposition calculation are affected in a similar way when these kinds of

materials intercept the beam.

7.5.1 Approximation error for nuclear interaction probability

Here wc want to establish the relative deviation APnucIPnuc from the true inelastic nuclear

interaction when the phantom's equivalence is considered only in term of energy loss.

Thus,

P
-

P

\D
ip ._.

rmc.med A
mir,WE (7-3n

nur

'

nue
'

~

^ '

'mir,WE

Where P„Ue,med is the nuclear interaction probability obtained with the total nuclear cross

section of the medium and P„Uc,we is the probability for an equivalent amount of water,

that generate the same energy loss A/s. P„uc,we is called the water equivalent nuclear

interaction probability. Thus AP„UCIP„UC is just the relative difference between the nuclear

probability of the medium and the one of water for the same AE. Then using the notation

of Chapter 8, Section 8.2.2 follows

Ap ,p _

Kucmed(E^E-AE)-Pnilcw(E^E-AE)

P^cJE-^E-AE)

Given AE and the entrance energy E, then APnucIPnuc follows directly from the tabulated

nuclear interaction probability (Appendix C). APnucIPnuc is therefore a function of both

the entrance energy E and the thickness of the absorber Armed.

For thin slabs, that is when the energy loss is small, the relative deviation APnucIPnuc

corresponds, in first order approximation, to the relative difference A/> between the ratio

of equivalence REP and REae Thus,

APn,JP„ur=Ap (7-33)

y This value was calculated using the Look Up Table of the ICRU report 49, that lists energy-range and

stopping power tables for several tissues of the human body.
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Chapter 7: Medium Equivalence

Ap is plotted in Figure 7-5. Although for small energies (lower then 10 MeV) the

nuclear interaction probability is largely overestimated except for air, the absolute

discrepancy remains negligible. We will therefore consider the behaviour of AP for

energies between 20 MeVand 180 MeV.
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Figure 7-5: Relative difference AP between the ratio of equivalence REF and RE^for air,

Plexiglass (PMMA), Polyethylene (PE), Polystyrene (PS), and for the scintillating mixture

P43+P20. The mixture has the following constituents 48 wt% Gd202STb, 12 wt%

(Zn,Cd)SAg, 40 wt% optical cement BC-600 It was used the REAFfound with the I-values

from the ICRUreport 49

The largest deviation is observed for air, for which Pmc is more then 20%

underestimated. But again, the amount of air in the phantom is too small to produce an

appreciable error. At high energies PMMA,PS and the scintillating volume behave in a

similar way, the Pmc is underestimated less then 10 %. The maximum relative deviation

Ap is 15%, 19% and 14%respectively and then it decrease with increasing energy to 3%,

1%and 5%respectively at 180 MeV. The mean relative deviation2 <Ap) (defined in the

:

Definition of the mean relative deviation (A^,) for protons with a given entrance energy E

(Ar)^(APn,JPmJ^
d(E)-P,mc,„(E)
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footnote) is then 7% for both PMMAand PS and 6% for the scintillator. The structures

inside the phantom made of these materials arc small and therefore also the absolute error

on Pnuc. Indeed, the maximum absolute error expected for the structures of PMMA,PS

and scintillator is 1.1x10 ~3, 0.5x10
3

and 0.4x10'3 respectively. Therefore we can conclude

that the conversion of these structures into an equivalent amount of water only in terms of

energy loss doesn't affect in an appreciable manner the estimation of the nuclear

interaction probability.

For Polyethylene Pnuc is in general overestimated. The mean relative deviation is -7%

for 180 MeVprotons. Polyethylene is the medium that contains the small structures of

the phantom and therefore, now, wc arc more interested in the deviation of the nuclear

interaction probability over the entire range of the protons rather then over a small energy

range. For instance the absolute error for 180 MeVprotons is 1.5%, that is, the expected

nuclear interaction probability should be 19.2% but after the medium's conversion we

obtain 20.7%. For lower entrance energy the absolute value of the mean relative

deviation decreases and reaches a minimum of 4 %at about 100 MeV, then it starts again

to increase and at 39 MeVis already more then 7%and at 20 MeVmore then 26 %.

The mean relative deviation for Polyethylene is opposite to those for PMMA,PS and

the scintillating mixture. Thus, it is plausible to say, that the overestimation of the nuclear

interactions for Polyethylene is reduced, if not completely compensated, by the

underestimation of P„uc for the structures of the phantom.

7.5.2 Approximation error for the multiple Coulomb scattering

Now we want to establish the relative deviation AomcsIomcs from the true characteristic

scattering angle when the phantom's equivalence is considered only in term of energy

loss. Thus, analogue to equations 7-31 and 7-32 wc can define

A_ /_
.

aMC$,med aMCS,WE in 1A\

^GMCSI VMCS
~

(7"34)

which leads to

°Mcs,med

(E^E-AE)- (TMCSiW(E -> E - AE)
A/_

~

mi s,med \~
— —~

/
~

MLS,ws '
,n ,n

°ttes I aMcs =

,r v „—7^—
—

(?-35>

<Ww(£->£-A£)

Where OMcs,med is the width of the Gaussian approximation for the scattering angle

distribution obtained with the radiation length of the medium and omcs.we is the width for
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Chapter 7: Medium Equivalence

an equivalent amount of water, that produce the same energy loss AE. omcs.we is called

the water equivalent scattering angle.

Again given AE, the entrance energy E, and in addition the radiation length of the

medium, then AomcsIgmcs follows directly from the tabulated scattering angles of the

Appendix D (Eq. 8-37).

In contrast with equation 7-33
,

it can be shown, that even for thin slabs, AomcsIomcs

cannot be approximated with the relative difference An between the ratio of equivalence

REaM^and REae- Wc therefore need to compute equation 7-35 for both thin and thick

absorbers. "Thin" refers to those absorbers, for which the proton energy is considered

constant during the passage through the medium and therefore oMcs can be calculated

with equation 8-13. "Thick" refers to those absorbers, which cause a considerable proton

energy loss and the scattering angle should be then calculated with equation 8-37 for

multi-slab geometry. The largest absorber is the one that completely stops the protons. In

this case Ao~mcsI°~mcs is approximately given with

A „ /„ <TMCS.medi^') eTMCS,WE\^')
,~ ,,..

AVmcs I &Mcs
=

7^— C7"36)

which follows directly from Eq. 7-35 with (E -AE) = 0. ct2mcs(E) is tabulated in the

Appendix D and therefore Eq. 7-36 can be computed easily. However as emphasized

experimentally by Gottschalk et al (1993), for targets thicker than 97% of the csda-

Range, the characteristic angle omcs appears to level off or even to fall slightly with target

thickness probably due to the filtering out of large-angle protons. Thus Eq. 7-36 could

eventually lead to erroneous results. It is therefore more appropriate to use expression

7-35 and consider only absorbers smaller than 97% of the mean proton range. In this

manuscript "very thick" target refers to the absorber with a thickness equal to 97% of the

csda-Rmgc.

In the following we will consider the two extremes, the case for thin absorbers and

the one for the very thick absorbers.

Figure 7-6 plots the energy dependence of Aümcs/omcs for thin targets for the

constituents of the fibre phantom (air excluded). The target thickness Armed is the same

for all the material considered and is equal to the average mass thickness of the

scintillating volume, that is 0.364 g cm'2. Although the target is thin, at low energies the

energy loss AE caused by the absorber corresponds to several MeV, and therefore we still
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used Eq. 8-37 to calculate AomcsIomcs- Below 20 MeV the protons are stopped by the

absorber and no calculations were performed.
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Figure 7-6: Relative deviation AaMCfaMcs between the true scattering angle aMCsmedof

the medium and the water equivalent scattering angle aMi <: wf when equivalence in

terms of energy loss is satisfied for Plexiglas (PMMA), Polystyrene (PS), Polyethylene

(PE) and for the scintillating mixture AaMcs^Mcs is plotted versus entrance energy E

for thin absorbers: Ar,^ = 0.364 g cm'
. oMcs fE^>E-AE) was calculated with equation

8-37 using the Look Up Tables based on the /-values of the ICRUreport 49.

A first important conclusion on Figure 7-6 is that the relative deviation is almost

independent on the incident proton energy. There is a small tendency to decrease at low

energy for PMMA, PS and PE and a more appreciable tendency to increase for the

scintillating mixture. The behavior of the energy dependence for Polyethylene is shown

with a better resolution in Figure 7-7, which will be considered later.

Wcconsider now the amplitudedd of the deviation, which is one of the major points of

this sub-section. For PMMA,PS, and PE the relative deviation is negative, which means

that the scattering angle is overestimated. For Plexiglas the relative error is only -4.8%,

aa
Calculations make use of the energy-range and scattering Look Up Tables based on the /-values of the

ICRU report 49 If the Tables based on Janni /-values are used instead, then the absolute value of the

relative deviation is 1%larger for PMMA,PS and PE and 3%smaller for the scintillating volume. Thus the

energy dependence of the relative deviation is smaller than the uncertainty given by the choice of the I-

values.
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Chapter 7: Medium Equivalence

which corresponds to an absolute deviation of about 0.3 mrad for 100 MeVprotons. For

Polystyrene the relative error is -9 %and for small structures of the size of the optical

fibre the absolute deviation remains also negligible.
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Figure 7-7: Relative deviation AaMcs/^MCsfor Polyethylene versus entrance energy Efor
both thin and very thick absorbers. For ihm absorbers (dash line) the thickness was

supposed to be the same at each energy considered, namely Armfrf = 0 364 g cm" For the

continuous line (very thick absorbers) each energy E was associated with a well defined

target thickness given by the 97% of the csda-Range of the protons at the energy

considered. Again calculations are based on the I-values of the ICRU report 49.

The mean absolute error (mean over the energy) for Polyethylene is almost 3 times

larger than the one for PMMA,namely -14.1%. Again, for PE wc arc more interested on

the deviation over a large energy range. Figure 7-7 plots AomcsIo~mcs versus entrance

energy for very thick PE absorbers. For comparison on the same figure, we plotted the

curve of PE for thin absorber (same as the one in Figure 7-6). The energy dependence is

almost the same for both curves and the discrepancy is very small.

The scattering angle for protons traveling through the scintillating mixture is largely

underestimated. The mean relative error is 104.3%. Thus, in this case, treating the

scattering angle as water-like gives a characteristic angle that is half of the true one while

the equivalence in term of energy loss is satisfied. However the absolute error is still
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small, about 5.29 mrad (0.30°) for 100 MeVprotons. The size of the scintillating volume

was chosen as small as possible in order to minimize the disturbance on the dose

distribution due to the presence of the volume itself. Thus, only a small fraction of the

protons passes through the scintillator and is deflected under larger angle than planned.

As stated in Section 7.3 the beam width is the relevant parameter to model the dose

deposition. In the following, with "beam width" we always intend the standard deviation

of the Gaussian spatial distribution, that is oXimcs- Considering only the error in the

scattering angle could lead to erroneous conclusions, therefore now we examine the

relative deviation Aox,mcsIox,mcs from the true characteristic beam width exactly in the

same way as for AomcsIomcs- The only difference is in the method of calculating ox,mcs

because the characteristic width is not tabulated. o-x,mcs is equal to the square rootbb of

Ax(z)l2 and Ax(z) was computed with Eq. 6-4 for initial 0 phase space. In the Appendix B

we explain how we performed the numerical integration of Ax(z).

Again we will consider the case for thin absorbers and the one for very thick

absorbers. Figure 7-8(a) and (b) plots the energy dependence of Aox,mcsI<*x,mcs for target

thicknesses of 0.364 g cm"2 and for a very thick PE absorber respectively. The shapes of

the curves are very similar to those of Figure 7-6 and Figure 7-7 therefore the energy

dependence remain small also in this case. The main differences are in the amplitudes of

the deviation compared to those for the scattering angle. Table 7-4 summarizes the results

for thin absorbers to allow a straight forward comparison.

PMMA PE PS Scint. mix.

AomcsIomcs [%] -4.8 -14.1 • 9.0 104.3

AGxJICS /GxJHCS [%1 -17.1 -14.9 - 11.6 17.7

Table 7-4: Relative deviation AaMcs Io~mcs and AaxMcs l^xMcs tn %for 100 MeVprotons for
thin absorbers. Armf:d —0 364 g cm 2.

For Polyethylene and Polystyrene the deviations arc similar to those for the scattering

angle. For PMMAand the scintillating mixture there is a significant difference between

the scattering angle- and the beam width-deviation. PMMAhas the largest negative

deviation of -17.1 % for 100 MeV protons, which corresponds to an absolute

overestimation of the characteristic beam width of 2.1 urn. For the scintillating mixture

the relative error is considerable smaller than the relative deviation for the scattering

Note that in Chapter 6, Section 6.2 we use another notation for the characteristic scattering angle a^cs

and for the beam width ax ucs- There, these quantity are referred as a$ and <jx respectively.

115



Chapter 7: Medium Equivalence

angle, indeed oXimcs is only 17.7 %underestimated. The absolute error is therefore very

small, about 1.4 pm for 100 MeV protons. It should be noted that in general the dose

distribution at a certain depth is given by the lateral superposition of several pencil

beams. Thus, differences of about 17% for the beam width affect very little the dose

prediction, especially in the central region of the field. For very thick PE absorbers the

absolute error for 180 MeVprotons is only 0.67 mm. It is again interesting to note that

the estimation error for the scintillating mixture is opposite to those for PMMA,PS and

PE. Thus one can partially compensate the others.

0 50 100 160 200 250 0 50 100 ISO 300 250

EnoTjy E IMsV] Eiwg/ E [MftV]

Figure 7-8: (a) Relative deviation AaxMcs/^xMcs between the true beam width axM,cs,med of the medium and

the water equivalent beam width ox,mcs,we when equivalence in terms of energy loss is satisfied for

Plexiglas (PMMA), Polystyrene (PS), Polyethylene (PE) and for the scintillating mixture. AaxMcs /&x,mcs is

plotted versus entrance energy E for thin absorbers: Arnied = 0.364 g cm'2, (b) Relative deviation

Aax?Mcs Igx.mcs for Polyethylene versus entrance energy Efor both thin and very thick absorbers. For thin

absorbers (dash line) the thickness was supposed to be the same at each energy considered, namely Armed
= 0.364 g cm1. For the continuous line (very thick absorbers) each energy E was associated with a well

defined target thickness given by the 97% of the csda-Range of the protons at the energy considered.

Again calculations are based on the I-values of the ICRU report 49.

7.5.3 Conclusion

The above considerations concerning the energy loss, flux reduction and beam

broadening can be used to predict the error in the dose calculation for irradiated system

consisting of lateral infinite layers of different materials treated as water-like. But the

fibre phantom is characterized by small cylindrical structures each one interfering with a

small portion of the beam, and therefore the extensions of these considerations is not

straight forward. Despite these analytical and numerical approach, Monte Carlo

simulation would give an important additional understanding of the influence of the

detectors head on the dose distribution, e.g. the effect on the dose in the distal region

caused by the large scattering angle produced in the proximal scintillating volumes. The

resolution of Monte Carlo simulation should be smaller then the active volume (say less
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than 1 mm3) and scattering should not be treated as water-like. The necessary Look up

Tables are already prepared (Appendix C and D) but the simulation was not yet

performed. However the effects are expected to be small. This was clearly proven by the

very close agreement between the measured and planned dose reported in Chapter 4. The

worst factor of disturbance is the presence of air that affects strongly the range of the

protons. Weconsidered this last point in Chapter 3, Section 3.3 (see also the conclusion

of Chapter 4).
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8 Passage of Protons through Matter

Protons are positive charged particles and when they pass through matter they lose their

energy primarily due to coulomb interactions and they are removed from the primary

beam due to inelastic nuclear interactions. The quantities stopping power, path length,

range, multiple Coulomb scattering and inelastic collision probability are often used to

describe the passage of charged particles, e.g. protons, through matter.

To describe the energy loss of the primary protons due to electromagnetic

interactions, the concept of stopping power for charged particles is used, described by the

Bcthc-Bloch equation. The inelastic nuclear cross section is used to describe the inelastic

nuclear interactions.

8.1 Coulomb interactions with electrons and nuclei

The stopping power of a material is defined as the average energy loss per unit path

length, which charged particles suffer when traversing the material, as the result of

Coulomb interactions with electrons and with atomic nuclei (definition given by the

ICRU report 49 (1993)).

Therefore, the total stopping power is the sum of the electronic stopping power

~(dEIdx)d> due to inelastic collision with bound electrons in the atoms and molecules,

which are then ionised and excited, and the nuclear stopping power
- (dEI dx)nuc, due to

elastic Coulomb collisions, in which recoil energy is transferred to atoms. Thus,

fdE^
ydX J tot

(dE^
K

dx
/ el ^

dx
j
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Chapter 8: Passage of Protons through Matter

Note that the nuclear stopping power refers to energy losses due to electromagnetic

interactions and it should not be confused with inelastic nuclear interactions. The

contribution of nuclear elastic collisions to the total stopping power is irrelevant at high

proton energy and it is of few percentages at very low energy (below 20 keV).

Commonly the proton stopping power tables report the mass stopping power

expressed in unit of MeVcm2 g"1, which is obtained by dividing the stopping power with

the density p of the material. By doing so the density dependence of this quantity is

largely removed.

Proton energy loss (by ionisation and excitation) can be calculated with the Bcthe-

Bloch equation (Bethe and Ashkin 1953). The equation has been corrected for

polarisation effect (also called density-effect) and for the non-participation of inner-shell

electrons (shell corrections). There are two additional corrections Ly and L2 important

only for low projectile velocity, which take into account departure from the first-order

Born approximation used to derived Bethe's equation. The corrected Bethe-Bloch

equation (derivations and explanations are available in Fano 1963, Bichsel 1972,

Sigmund 1975) is then,

LÊL-JL
p dx ß2

Shell

Correction

\

(c
F(ß)-\nl-

Energy Ionisation

Term Term

Density-effect
Correction Block

.
Barkas CoTTection

I Correction i

5
; +

z

-~ + zLx(ß) + z2L2(ß)

—V^~
Correction

Term

J

(8-2)

where,

K = 47ire2wec2 NA=0.307075 MeVcm2 g"1.

rc
= el47üComec2 is the classical electron radius, e the electronic charge, Co the permittivity

of the vacuum, me the electron mass, c the speed of light in vacuum, /Va the Avogadro

constant, ß the particle velocity in units of the speed of light and z the atomic number of

the projectile (i.e. unit for protons). Z, A and / arc the atomic number, the atomic mass

and the mean excitation energy (also called mean ionisation potential) of the stopping

material respectively. CIZ is the shell correction, 612 is the density-effect correction, L;

and L2 are the Barkas and the Block correction respectively. The shell correction takes

into account the non-participation of inner-shell electrons for low projectile velocity.
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Often it is implicitly considered in Bethe-Bloch equation by choosing energy depend

mean excitation energy. The density-effect takes into account the polarisation of the

surrounding medium when charged particles pass through it. The perturbation of the

electron field reduces the energy lost of the projectile and it is related to the density of the

stopping material (therefore the name "density-effect"). The polarisation is less important

for very low density materials and for high atomic number. The Barkas correction takes

into account the sign of the charged particle, so that the stopping power for negatively

charged particle is slightly smaller than the one for positively charged particle as verified

experimentally.

The energy term F(ß) in equation 8-2 is given by

F(ß) = ^\n
2mec2ß2En

\-ß2
(8-3)

Where Emax is the maximum kinetic energy that can be imparted to a free electron in a

single collision and can be calculated from the following expression,

2mec2(ßy)2

m
\ + 2y-?- +

M

r \2

M

(8-4)

With

(ßrf
\2

Me2 j

_2E_
Me1

(8-5)

and

y = 1 +

Mc2
(8-6)

where Mand E are the mass and the kinetic energy of the incident particle respectively.

To note that here E is the kinetic energy! Usually in relativistic calculations E identifies

the total energy of the particle, which is the sum of the kinetic energy with the rest energy

of the particle. In order to be consistent with the whole manuscript, where E always refers

to the kinetic energy, wc decided to keep this notation also in the equations above.
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Chapter 8: Passage of Protons through Matter

8.1.1 The path length (or csda-Range)

The average path length00, also called Continuous Slowing down Approximation Range

(csda-Range), is the average distance in the medium travelled by the protons of specific

kinetic energy £0 from the entrance point to the point where the energy is nearly zero and

non additional displacement is observed. It can be established by following the energy

loss along the proton path till the protons slow down to rest. A very good approximation

for this is to integrate the reciprocal of the total stopping power with respect to energy.

We then obtain the range Rcsda in the continuous-slowing-down approximation as we

assume that the particles lose their energy continuously along their tracks at a rate given

by the stopping power. Thus,

*' IdE^
K<da(Eü) = RCSda(Ef)+j——

eX
P

®x.

dE (8-7)
V y MJtm

In the commonly used range-energy tables the integration for Rcsja has been performed by

setting the path length Rcsda(Ef) equal to zero at a final energy i?/of 10 cV.

Another useful quantity to describe the penetration of the proton is the projected range

Pproj, which is the mean depth of penetration measured along a straight line parallel to the

original direction of motion of the protons as they enter the medium.

Along the path the primary particles undergo a large number of deflections from the

original direction due to multiple Coulomb scattering (Section 8.1.3) and therefore the

projected range is always smaller than the path length and can be calculated in g cm-2

from the following expression

KPro,(Eo)= }<cosZ>
dEv'

p dx
dE (8-8)

Where (cos^) is the mean value of the cosine of the scattering angle. In the ICRU report

49 the ratio RprojIRcsda called detour factor is tabulated for several elements and

compounds for proton and alpha particles. For instance, for water and gadolinium the

detour factor is 0.9988 and 0.9856 respectively for 175 MeVprotons, which means that

cc

Strictly speaking the csda-Rangc calculated with equation 8-7 is slightly smaller than the average path
length travelled by a particle as its energy is reduced from E0 to Er. The difference was calculated by Lewis

(1952) and further discussed by Fano (1953). The difference is very small and it is negligible for all

practical purposes, thus in this manuscript the average path length is considered to be equivalent to the

csda-Range.
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the projected range is respectively only 0.12% and 1.44% smaller than the path length.

This clearly indicates that most of the protons are deflected under small angles, even for

high Z value materials.

8.1.2 Energy- and range-straggling

The energy A transferred to the atomic electrons at each Coulomb interaction with

incident protons is a stochastic quantity characterized by a Poisson-like distribution.

Typically the most probable energy loss in individual collisions is of the order of 20 cV.

For thick absorbers the energy loss distribution f(A,s) approaches a Gaussian distribution

(Bohr 1948), thus

-(A AJ2

f(A,s) =

-f^e
2°*

(8-9)

where A^ is the mean value equal to the product of the path length s, and the mass

stopping power. For the Gaussian approximation two conditions must be met: ak must

be much larger than the maximum energy loss in a single collision Emax (given by Eq.

8-4), and Aav must be small compared to the initial particle energy.

The variance cr^ of the distribution can be calculated with (Bethe and Ashkin

1953),

<r, = ksE„

2\

!-£- (8-10)

where

k = 2jit2mec2NAz2
<Z\ 1

A)fi
(8-11)

Thus k is half of the factor in front of the square brackets of the Bethe-Bloch equation

8-2. If the path length is large enough to produce a considerable energy loss then one

should divide the absorber into several small slabs and sum the o2E of the individual

slabs.

dd
A more accurate expression for the variance takes into account the velocity distribution of the target

electrons. On this subject Fano (1963) derived the correction term that has to be added within the

parentheses of equation 8-10.
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Chapter 8: Passage of Protons through Matter

A straight forward consequence of the energy straggling described withf(A,s) is that

the proton range is a stochastic quantity as well. In first approximation the range

straggling can be described with a Gaussian distribution too. Then the mean value of the

distribution is given by the cWa-Rangc and the corresponding variance <rR is

a2R= \o2E(E)
p dx)tl

dE (8-12)

Typically GRlRcsdais around 1%.

8.1.3 Multiple coulomb scattering

Multiple coulomb scattering refers to the deflection of a proton from the original

direction after every coulomb interaction. The scattering angle is the angle between the

original direction of the proton and the final direction after the interaction. Protons are

deflected primarily due to the coulomb interactions with the nuclei of the atoms and the

scattering caused by collisions with electrons is negligible due to the large mass

difference between protons and electrons (It must be noted, on the other hand, that the

energy loss is primarily given by the interactions with the electrons). Although the effect

is called "multiple coulomb scattering" the strong interactions also contribute to the

scattering process. The multiple scattering theory is well derived by Molière (1948) and

for small angles the angular distribution can be approximated with a Gaussian

distribution. Most of the protons are slightly deflected after a collision and therefore the

Gaussian approximation is of practical use in many applications (i.e. predication of the

beam size after a scatterer). The characteristic width of the distribution is the rms

scattering angle projected on a plane and can be calculated with the formula given by

Lynch and Dahl (1991), that is

13.6

pßc

( V/2
r

\X*j
1 + 0.03 8 In

r

\Xsj
(8-13)

with.

E + Me:

pßc E(E + 2Mc2)
(8-14)
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z and p are the atomic number and the momentum of the projectile respectively. The

energy term pßc should be expressed in MeV. r is the thickness of the scattering medium

expressed in g cm-2 (geometrical thickness multiplied with the density of the scatterer).

X0 is the radiation length in g cm"2 and for Z > 4 can be calculated with the following

expression (Tsai 1974):

±
= 4ar2^Z2

Xn
e

A
In

184.15

1/3

1,
+—In

Z

1194

7-2/3
~F(aZ) (8-15)

where F(aZ) is an infinite sum, which for elements up to uranium can be represented to

4-place accuracy by (Davics et al 1954):

F(aZ) =

(aZ)2
1 + (aZ)2

+ 0.20206(aZ)2 -0.0369(aZ)4 + 0.0083(aZ)6 -0.002(aZ)8 (8-16)

For Hydrogen the first and second logarithmic term in square brackets of the equation

8-15 must be substituted with 5.31 and 6.144 respectively. The radiation length is the

mean distance over which a high-energy electron loses all but 1/e of its energy by

Bremsstrahlung. Independently from its origin, the radiation length turns out to fit also

experimental data with protons as explained below. Tables of the radiation length can be

found for example in Leo (1994).

The formula 8-13 for oMcs is obtained from a fit to Molière's distribution (Bethe

1953, Scott 1963) and it revised the Highland's formula (Highland 1975, Highland 1979),

which is identical to expression 8-13 except for the constants. In Highland's formula 14.1

MeVis used instead of 13.6 MeVand the factor in front of the natural logarithm term is

0.048 instead of 0.038. The formula 8-13 cannot be used for very thin slabs due to the

logarithmic term that would approache -oo. Also for thick absorbers it is inadequate,

because in this case the energy dependence of the proton traveling through the absorber

should be considered, but in the formula the term pßc is assumed to be constant. Lynch

and Dahl (1991) give the following expression for multi-slab geometry which can be

applied also to thick absorbers,

13.6z

Y

'X«ÀPfic)ï
1 + 0.038 In x-

Xn
(8-17)
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Chapter 8: Passage of Protons through Matter

The summation is done over all i slabs of thickness r, and radiation length Xqj. z is the

atomic number of the projectile (unit for proton). For a thick homogeneous absorber X0,,

is the same for all slabs and only the penetration dependence of the term pßc is relevant.

The first summation term of equation 8-17 can be extended to an integral (Gottshalk et al

1993) although for practical purposes the summation is always performed. The term in

the square brackets can be interpreted as a correction factor, which depends on the entire

absorber thickness. Gottshalk et al (1993) compared experimental data of the

characteristic angle aMcs with Highland's and Lynch's formula for 160 MeVprotons in

fourteen different materials for thin and thick targets. They found that the experimental

data fit slightly better to Lynch and Dahl's formula. In that case, the distribution of the

deviation from the theory for 115 independent measurements was normal, with a mean

value - 2.6 ± 0.5% and an rms spread of 6%.

8.1.4 Bragg additivity rule for compounds and mixtures

The energy loss for compounds and mixtures can be calculated using the Bragg additivity

rule (Bragg and Klccman 1905), which assumes that a compound or a mixture are made

up of thin layers of pure elements in the right proportions. Thus

']_dE^
p dx)L

w.

p dx J
(8-18)

The summation extends over all elements in the compound or mixture and w, is the

fraction by weight of the z-th costituent. This is equivalent to doing the following

substitutions for the mean excitation energy I and for the ratio Z/A in the equation of the

stopping power 8-2:

fZ^
lnl.

\*J,

(Z/A)

with

(ZIA)^ w,

(7\

\AJ,

(8-19)

(8-20)

The analogue expression to 8-19 should be given for the average shell correction C/Z and

average density correction «5/2.
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The largest source for the error in the estimation of the energy loss for compounds is the

assumption of the additivity rule for the mean excitation energy /. Indeed, by doing so the

Ionisation / is underestimated due to the fact that outer electrons are more tightly bound

in compounds than they arc in elements because of molecular binding. A better

agreement with experimental /-values for compounds is achieved by applying the Bragg

additivity rule using /-values for the atomic constituents that differ somewhat to those of

the elemental substances. In this manuscript, for the /-values, wc used the schema below

proposed by the ICRU 37 (1984) for atomic constituents of compounds (Table 8-1).

Constituent

Gases

/[eV]

Liq uids and Solids

H

C

19.2

70

19.2

81

N 82 82

O 97 106

F 112

Cl 180

Others* 1.13 x1s

Table 8-1: Mean excitation energies adopted in the

present work for atomic constituents of compounds.
a7 is the mean excitation energy for the element in the

condensed phase given in the ICRU report 37 (1984) or

ICRU report 49 (1993).

The Bragg additivity rule applies also to the radiation length Xo for compounds and

mixtures used to compute the characteristic scattering angle, namely

T
= z2w.

\X0j,
(8-21)

The expression 8-17 of the characteristic scattering angle for multi-slab geometry already
implies the Bragg additivity for the radiation length given by the above equation.

8.2 Inelastic nuclear interactions

In the range of energies considered for therapeutic protons the inelastic nuclear

interactions have the main effect of removing protons from the primary beam followed

by a reduction of the protons' fluence with depth. The nuclear interactions produce

secondary protons, nuclear fragments and heavy recoils, which carry a fraction of the
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Chapter 8: Passage of Protons through Matter

energy of the interacting primary protons. The fraction of energy imparted to the

fragments and heavy recoils is primarly deposited locally due to the very short range of

these particles. The energy dependent angular distribution of the secondary protons has to

be considered in order to understand correctly how they contribute to the energy

deposition. As a first approximation this can be done by considering the secondary

protons divided into low- and high-energy secondary protons. High-energy secondaries

have to be intended as protons with energy close to that of the interacting protons. Low

energy secondary protons have almost isotropic angular distribution, and therefore

protons that leave the interaction point are compensated by those protons that come from

the neighbouring interaction points. Moreover the energy of the low-energy secondary

protons can be interpreted as being deposited locally. On the other hand high-energy

secondary protons are mostly forward distributed, and their energy can be assumed

deposited along the path of the primary protons. Only a small fraction of the nuclear

interactions produces protons with high energy, which do not reduce the fluence of the

primary protons. In most cases, most of the energy of the interacting proton is deposited

locally and the proton is therefore removed from the beam. To some extend, the points

just mentioned correspond, to a naive interpretation of nuclear interactions. As shown

experimentally (Pedroni et al 2005) large angle scattered secondary products could also

deposit their energy outside the primary beam (see Chapter 6, Section 6.2).

In the following section we will define the nuclear cross section, which is the

parameter that we need to calculate the probability for nuclear interactions.

8.2.1 The nuclear cross section

The nuclear cross section o, of a target nucleus, for an interaction produced by incident

charged or uncharged particles, is given by the following quotient,

er = — [m2] (8-22)
<I>

Where, P is the probability of the interaction for one target nucleus when subject to the

particle fluence 0. The particle fluence is defined (ICRU report 60) as the quotient of d/V

by dö, where d/V is the number of particles incident on a sphere of cross-sectional area da,

thus

<D [m2] (8-23)
da
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28 2
The special unit of cross section is the barn, where lbarn =10" m

8.2.2 Probability of inelastic nuclear interactions

For simplicity we start to treat the individual nucleus as an absorbing sphere with cross

sectional area a. Weconsider a thin layer of thickness dx, which absorbs dNproton from

a uniform incident proton beam with N initial particles .
If n is the number of nuclei per

unit volume then the absorption rate is

- dN ~ Nnadx (8-24)

n is related to the physical quantity Na, A andp in the following way

«-HA
A

(8-25)

Thus solving equation 8-24, after substitution of n, leads to the survival protons at a

penetration depth x, namely

N(x) = N0e
{Aj

(8-26)

The number of absorbed protons AN(x) is therefore

âN(x)=N0-N(x) = N0
-NA-\px

\-e u (8-27)

The expression within the square brackets of equation 8-27 gives the interaction

probability.

Thus, the probability Pnuc(Eo) for inelastic nuclear interactions along the entire path

length of protons with initial kinetic energy Eo is

f Ksifü(ßo)

Cr(£'o) = 1exp (8-28)
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The integral over the path length is required because the nuclear cross section is energy

dependent and changes as protons pass through the absorber.

Again we can apply the Bragg additivity rule (section 8.1.4) to find the quantity (o/A)

for compounds and mixtures to use in equation 8-28, namely

=1 w.

\Aj,
(8-29)

The summation extends over all elements in the compound or mixture and w, is the

fraction by weight of the z'-th constituent.

For compounds we can also write

r.A,
w,

5>4
and

^

V^V

£1
A

(8-30)

thus,

Zw
rA --—

s
A) Yr.A

V / compound / j /" /"

(8-31)

Where r, is the number of atoms per molecule of the z'-th element in the compound.

Equation 8-31 can also be used for mixtures, but then r, is a fractional number and is

proportional to the ratio (w/A,). By introducing (a/A)compoimd in equation 8-28 we obtain

the probability of inelastic nuclear interactions as given by Janni (1982), namely

PnuÄE(1) = Pnuc(Ef) + \-exp Na i pyVÄdx (8-32)

Where,

Ef is the final energy of the proton where it has completely stopped, assumed to be about

10 eV for these calculation. PnUc(Ej) is zero because there are no inelastic nuclear

interactions for protons below 10 eV. It is possible, and for practical purposes very

useful, to make a change of variable and integrate equation 8-32 over the energy instead

over the path, then we obtain
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^„(E„) = l-rap
-Mt_

p dx

dE
^>'

dE Y^r.A,
(8-33)

Rather then the probability for inelastic nuclear interaction along the entire path length, it

is of interest the probability over a limited energy interval, which follows directly from

equation 8-33 by performing the integration between E; and E2, thus

Pmc(E^E2) = \- \~P^\ E{ > E2 (8-34)

8.3 Protons Data Tables

8.3.1 Understanding and using the Look Up Tables of the Appendix C and D

In Appendices C and D we list Look Up Tables for 8 elements (C, N, O, S, Ar, Zn, Cd,

Gd), 5 compounds (Plexiglas, Polyethylene, Polystyrene, gadolinium oxysulfide

(Gd202S), water) and 4 mixtures (air, optical cement BC-600, zinc cadmium sulfide

(Zn,Cd)S, scintillating mixture). The scintillating mixture has the following constituents:

48 wt% Gd202S, 12 wt% (Zn,Cd)S and 40 wt% optical cement BC-600.

Appendix C lists the inelastic nuclear cross section for the elements considered above

for energies up to 250 MeVin energy steps of 1 MeVstarting from 1 MeV(for a detailed

description how this table was generated see Appendix C, page 163).

Two different sources of the mean ionization energy / have been used to compute the

Tables of Appendix D. Weused Janni (1982) /-values and ICRU 49 (1993) /-values.

Thus, there are two analogue sets of Tables each one calculated with a different set of/-

values. For each material mentioned above (5 compounds and 4 mixtures) we give, as a

function of the proton energy, the mass stopping power (-1/ p)(dEI dx), the csda- Range

Rcsda, the nuclear interaction probability P,mc and the square of characteristic scattering

angle omcs-

Similar tables for protons for many other elements, compounds and mixtures can be

found in Janni (1982) and in the ICRU report 49 (1993). The ICRU report 63 (2000) lists

proton data tables for the inelastic nuclear cross section for several elements. However,

there are several reasons why we decided to generate our own Look Up Tables. First of

all, for an easy calculation of the stopping power and energy-range Tables for the
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particular mixtures we are interested in, we needed Tables of the constituents in

electronic form. The stopping power and range tables of the ICRU 49 can be obtained in

electronic form from the web (Berger et al 2000) but unfortunately not for all the

elements listed above. On the other hand, Janni's tables are available for all the elements

but not in electronic form. In addition Janni /-values for the constituents of compounds

and mixtures are probably underestimated (Section 8.1.4). Lastly, we wanted to generate

Look Up Tables also for the nuclear interaction probability and the characteristic

scattering angle, which again required proper stopping power and energy-range Tables in

electronic form.

8.3.1.1 About the tabulated mass stopping power and csda-Range

Calculations of the mass stopping power are based on the Bethe-Bloch equation 8-2. In

the present work we used the Bichsel's algorithm. The physical principles, on which the

Bichsel's algorithm is based on, can be read in Bichsel's article (Bichsel 1972). The

Bichsel's algorithm doesn't take into account the nuclear stopping power (Section 8.1),

however, for the energy range we are interested in (between 1 MeVto 250 MeV), this is

irrelevant. The input parameters for the program are the /-values and the weight fractions

of the elemental constituents. The program gives the freedom to choose the /-values for

compounds different than those given by the Bragg additivity rule. Weused this feature

for compounds like PE, PMMA, PS, for which experimental data of /-values are

available. In the Tables it is explicitly reported if the /-value used is the experimental one

or the one obtained with Bragg additivity. Calculations are based on both Janni /-values

and ICRU /-values in order to estimate the error by using different /-values sources

(Section 7.5). The algorithm used was verified by comparing the Tables of the Appendix

D based on ICRU /-values with the available Tables of the ICRU report 49. The

discrepancy observed using the same /-values is negligible (difference less than 0.04% by

comparing the electronic stopping powers).

8.3.1.2 About the tabulated nuclear interaction probability Pnuc(E)

The nuclear interaction probability Pnuc(E) was obtained using equation 8-33. In order to

compute the integration, the energy dependence of the nuclear cross section a is needed,

in particularly the ratio (alA). Therefore in Appendix D we also list the energy dependent

ratio (olA). (a/A) for compounds and mixtures was found with equation 8-29 using the

nuclear cross section of the pure elements (Appendix C) and the chemical composition of

the compound or mixture. The nuclear cross section of pure elements has been found by

comparing available experimental data for the nuclear cross sections with several
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prediction models. Wethen chose the model that best matsched with the available data.

For most of the data we used the model given by Wallish (see Appendix C, page 163).

8.3.1.3 About the tabulated square scattering angle o2MCS(E)

The scattering angle was calculated with equation 8-17. But further considerations are

needed to understand how Eq. 8-17 was implemented. The square root of the tabulated

variance <r2MCS(E) characterizes the width of the Gaussian distribution for the multiple

Coulomb scattering at the point where the protons, with entrance energy E, stopscc. Thus,

for each energy E we assume that the virtual absorber responsible for the scattering has a

thickness equivalent to the csda-range Rcsda(E) .
In the numerical integration we assume

that the energy is constant between the interval Et and £*./ and equal to (Et + E^f)l2. Each

energy interval is equal to 1 MeV and we follow the protons till 500 keV. We can

therefore reformulate equation 8-17 for a better understanding of the calculations

performed for cr2MCS(En), namely

'

MCS(En) = l + 0.0381n
Kda(En)

xnV

13-62^/U,(£,)-^(£,-,)

x0 k (pßc)]
(8-35)

E„ is now the entrance energy E of Eq. 8-17. Eq and RCsda(Eo) are both set to 0. The

energy term (pßc)i is given with Eq. 8-14 at the energy (Ei + Et.i)l2.

Usually it is desirable to establish the scattering angle for a limited energy interval,

(that is, for a limited thickness) rather than for the entire path length. Weemphasized this

point also for the nuclear interaction probability. In this case the square of the scattering

angle can be calculated with,

aMcsyEn —»Em)

l + 0.0381n
xn

i3i2vU^hU^)
x,

0 i=m (Pßc)]

For E„ > Em

(8-36)

ee This is an approximation. The protons with a larger scattering angle are probably already absorbed at the

distal region, thus, as verified experimentally (Gottschalk et al 1993, Pedroni et al 2005), the characteristic

scattering angle levcls-off at the Bragg peak region (see section 7.5.2). Thus the scattering angle calculated

with Eq. 8-17 is overestimated at the distal region. However, for practical purposes, we are usually
interested in the scattering angle over a limited energy range and, in this sense, the tabulated a^McsiE) is

very useful and gives right results.
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Wetabulated <j2mcs as a function of E with the explicit scope to eliminate the need to

perform any integration as the one shown in Eq. 8-36 to obtain the scattering angle for an

arbitrary absorber. Wewould like to have an expression for cr2MCs(E„ —»Em) analogue to

the one for the nuclear interaction probability (Eq. 8-34). This is now possible with the

tabulated <j2mcs although the equation is slightly more complex than the one for the

nuclear interaction probability (the additional difficulty is given by the term in the square

brackets of Eq. 8-36). Thus, if E is the entrance energy and AE the energy loss caused by

the absorber, then the square of the scattering angle at the exit side of the absorber

follows from Eq. 8-36, which leads to

ct2mcs(E^E-AE)

1 + 0.03 8 In
rRcsda(E)-Rcsda(E-AE)"

Xn

-|2

(8-37)

0-2mcs(E) °2mcs(E-AE)

[1 + 0m%\n{Rcsda(E)IXj [1 + 0.0381n(/U(E - AE)IX0)f

Then with Eq. 8-37 the scattering angle can be found directly from the Look Up Table of

the material of the absorber given the radiation length Xq, the entrance energy E and the

energy loss AE (or the thickness Ar of the absorber). No integration is needed, but only

the entrance and exit situation.

8.3.1.4 Working with the Look Up Tables

Consider Figure 8-1, which shows schematically how to use the Look Up Tables to

compute the nuclear interaction probability and the scattering angle for a finite energy

interval. The figure is self explanatory.
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Example 8-1

A Plexiglas plate of 1.6 cm is exposed to 138 MeVproton beam. The first two

information we receive from the Look Up Table (LUT) for Plexiglas are the

density and the radiation length: p
= 1.18 gem"3 and X0 = 40.594 g cm"2

• Next from the LUT (based on ICRU /-values) we identify the csda-xange,
the nuclear interaction probability and the variance of the scattering angle:

iW138) = 14.01 g cm"2 P„„c(138) - 0.1533 cr^(138) = 0.022025 rad2

• Next we calculate the mass thickness of the plate: Ar = pAx -1.89 g cm"2

• Then we look for the exit energy, for which it corresponds a csda-Rangc
equal to ^(138) - Ar = 14.01 - 1.89 = 12.12 g cm""
exit energy is then 127 MeV(thus AE=11 MeV).

From the LUT the

• Next we identify from the LUT the nuclear interaction probability and the

variance of the scattering angle at 127 MeV:

P„uc(127) = 0.1368 cr2MCS(\21) = 0.021643 rad^

• Nowwe can calculate the nuclear interaction probability (Eq. 8-34):
1-0 1533

0138->127) = 1- =0.0191
1-0.1368

Thus 1.9% of the incident protons are involved in nuclear interactions and

most of them are removed from the primary beam.

• Next we calculate the square of the characteristic scattering angle (Eq.8-37):

0-^(138-> 127) = 1 + 0.038 In
1.89

40.594

0.022025 0.021643

1 + 0.038 In
14.01

40.594
1 + 0.038 In

12.12

40.594

= 0.000111

The characteristic scattering angle is then aMCS= Vo.OOOlll = 10.54 mrad



Chapter 8: Passage of Protons through Matter

Energy csda-Range a2 MCS

E2

E3

E4

E-AE

AE

Rcsda(E-i)

Rcsda(E2)

Rcsda(E3)

Rcsda(E4)
i

Rcsda(E) - Ar

•\
Ar

v;sda' (E)

Pnuc(El)

Pnuc(E2)

nuc(E3)

Pnuc(E4)

Pnuc(E - AE)

\

a2Mcs(Ei)

<J MCS(E2)

CTmCs(E3)

SJ MCs(E4)

-> oWE-AE)

\
][Pnur,(E - E - AE) o-2mcs(E - E - AE)

\
>Pnuc(E)

\

I

Ar <

Absorber

AE=E-Eexlt \Eexlt
Pnuc? CT/WCS?

Figure 8-1: Schema that shows how to deal with the Look Up Tables of the Appendix D in order to

calculate the nuclear interaction probability and the scattering angle at the exit side of the absorber. The

starting point is at the Energy E (bottom-left). The arrows shows the path to follow to reach the target,

namely the nuclear interaction probability Pml(E^E-AE) and the square of scattering angle

a2MCS(E —»E-AE) calculated with equation 8-34 and 8-37 respectively. If the thickness Ar is given then

one has to follow the full arrows, on the other hand, if the energy loss AE is given then one should start

with the dash arrows and afterwards continue with full arrows. The following equivalence must be

satisfied: Rcsda(E)-Ar = R„da(E-AE). Interpolation is needed for values within two values of a Table (linear

interpolation is good enough because the Tables are characterized by small energy step). Note that to

compute the scattering angle the radiation length Xu must be given together with the Tables.
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Abstract

The availability at the Paul Scherrer Institute (PSI) of a spot-scanning technique
with an isocentric beam delivery system (gantry) allows the realization of

intensity-modulated proton therapy (IMPT). The development of 3D dosimetry
is an important tool for the verification of IMPT therapy plans based on

inhomogeneous 3D conformai dose distributions. For that purpose new

dosimeters are being developed. The concept is to use a system of many

millimetre sized scintillating volumes distributed in a polyethylene block,
which are read on a CCDcamera over a bundle of optical fibres and which can

be irradiated from any direction orthogonal to the fibre axis. The purpose of this

work is to investigate the composition of such small sensitive volumes. A

mixture of inorganic phosphors and optical cement allows an optimal coupling
between the scintillating volume and the optical fibre. Five different inorganic
phosphors, available as powder, have been examined by considering their

response along the Bragg curve. In particular, two phosphors have shown

interesting behaviours: Gd202S:Tb and (Zn, Cd)S:Ag. Both phosphors have a

high emission efficiency but contrasting behaviour in the Bragg peak region.
The efficiency of Gd202S:Tb decreases with increasing stopping power

(quenching of luminescence) while that of (Zn, Cd)S:Ag increases. Because of

these contrasting behaviours it is possible to prepare a mixture of the two

scintillating powders in a certain ratio in order to modulate the height of the

measured Bragg peak relative to the entrance value so that it is in agreement
with the ionization chamber measurements. Wepropose to use a mixture for the

sensitive volume consisting of the following weight fractions: 48% Gd202S:Tb,
12%(Zn, Cd)S:Ag and 40%optical cement.

0031-9155/04/194637+19530.00 ©2004 IOP Publishing Ltd Print Printed in the UK



Appendix A

1. Introduction

The spot-scanning technique, developed at the PSI (Pedroni et al 1995a, Pedroni et al 1995b),
takes full advantage of the intrinsic potential of the proton depth dose distribution for the

treatment of deep seated tumours. The desired dose distribution is given by a three dimensional

distribution of individual thin pencil beams of protons applied to a target volume, with the

pencil beams being so modulated as to give a homogeneous radiation dose within the tumour

or for delivering intensity modulated proton therapy (Lomax 1999, Lomax et al 2001). Given

that each field consists of many thousands of individually placed and weighted Bragg peaks,

sophisticated beam monitoring and therapy plan verification tools are required to ensure safe

patient treatments. In this paper, we present a small volume scintillating dosimetry system that

has been optimised for verifying such dynamically applied proton dose distributions.

The signal generated by ionising radiation within a scintillator of a dosimetry system is

typically transmitted to a light-readout device by means of light pipes (Attix 1986, Knoll

1979). An undesired effect involved in the scintillation dosimetry is the well known ionisation

quenching, which results in a decreasing scintillating efficiency with increasing ionisation

density. Birks (1951) developed a model for the quenching effect of organic scintillators

(Smith et al 1968, Craun et al 1970) based on the concept of damaged molecules acting as

quenching agents. The model has been applied to inorganic scintillators (Birks 1964, Horn et

al 1992, Boon 1998) as well, but due to the fact that the light emission processes for the two

type of scintillators are basically different, other models have been suggested for inorganic
types (Murray et al 1961, Kobetich et al 1968, Salamon et al 1981, Michaelian et al 1994,

Meyer et al 1962, Fomichev et al 1994). For proton therapy, the loss of emission efficiency
can be particularly pronounced in the Bragg peak region due to the high ionisation density of

low energy protons, but the effect is highly scintillator dependent (Boon 1998). In this work,

we have investigated the ionisation density dependence of several commercial inorganic
phosphor and phosphor mixtures along the Bragg curve by optically coupling a small

scintillating volume to a fibre light guide of 2 mmdiameter with the collected and transmitted

signal being read-out with a CCDcamera system.

2. Methods and materials

2.1. The fibre detector system

The fibre detector system can be divided into three main components: a light production
device, an optical fibre and a light readout device. The light production device is a small

volume of a scintillating material, where the deposited proton energy is converted into light.
The light is then transferred to the readout device by means of an optical fibre, were it is

measured by a CCDcamera and analysed via computer. These main components are shown

schematically in Figure 1.

The scintillating volume was prepared in the following way. First, the chosen phosphor
powder was carefully mixed with optical cement in a well defined ratio. Bicron optical cement

type BC-600 (Saint-Gobain, Crystals & Detectors, Newbury, Ohio-USA) has been used to

ensure an optimal coupling between the phosphor powder and the subsequent light guide. This

cement is a clear epoxy resin formulated specifically for making optical joints with plastic
scintillators and acrylic light guides. Next, by means of a 1 ml syringe, a small amount of this

mixture (-0,02 g) is poured into a cylindrical plexi glass support, and one end of the optical
fibre is attached to the mixture. Typically the thickness Ax of the radiation sensitive volume

(Figure 2) is chosen to be between 1 mmand 3 mmand the cement guarantees that the optical
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Phosphor powder

optical cement M

Optical fibre Lens

Light production device Light readout device

Figure 1: schematic fibre detector's illustration. It shows the principle of mapping several

fibres (here tree) on a CCDusing one lens system. A dosimetry system consisting in 400

fibres mapped simultaneously on a CCDbased on the same principle is in preparation.

50mm

Plexiglas support ,

Optical fibre

5mm

Radiation sensitive volume Ax ~ l-3mm

Figure 2: schematic illustration of the detector's head consisting in a radiation sensitive volume coupled to an

optical fibre and protected by a plexi glass support.

fibre, plexi glass support and mixture bind together well. The support for the scintillating
volume was made consisting of a 50mm long cylindrical plexi glass rod with a 15mm

cylindrical hole drilled in the middle. The light guides chosen for this study are Multiclad

Bicron fibres type BCF-98 having a polystyrene-based core and two layers of cladding. The

outermost layer has the lowest refractive index thus permitting total internal reflection at the

second boundary. The fibre diameter is 2mmand the numerical aperture is 0.74.

The signal transmitted by the light guide is focused on a CCDcamera by an optical lens in

a lightproof black box. The lens is the Nikkor wide-angle zoom type AF-S 17-35mm f/2.8D

IF-ED (Nikon, Tokyo, Japan). In all the measurements the zoom was set to 17mmfocal length
and maximal aperture, namely f/2.8. 6 to 14 fibres (and therefore scintillator detectors) have

been read-out simultaneously using the single CCDcamera, which was a Kodak Full-Frame

CCDimage Sensor type KAF-0401E (Apogee Instruments Inc., Auburn, California-USA).
This is a high performance monochrome area CCDimage sensor with 768 x 512 photoactive

pixels (9 um).

Following the above procedure, scintillating heads with different powder concentrations,

compositions and thicknesses Ax could be obtained.

2.1.1. Scintillating materials. Wehave restricted our investigation to commercial inorganic
scintillators, which are known to have a higher emission efficiency compared to organic
compounds. Another advantage of using inorganic scintillators is their availability as powder,
which gives a high flexibility in the preparation of the scintillating volume. Green emitting

gadolinium oxysulfide Gd202S:Tb and the yellow-green-emitting silver-activated zinc-

cadmium sulfide (Zn,Cd)S:Ag,Cl have been used. Both are available as powder and are widely
used in commercial applications, such as in fluorescence screens for fluoroscopy (Shionoya
and William 1999). Gd202S:Tb is one of the most commonphosphors for intensifier screens in

radiological examinations because of the excellent emission efficiency and the strong X-ray

144



Appendix A

Table 1: Optical properties of the five used phosphors (Kuznik 2000) produced by the Proxitronic

company (Bensheim, Germany). The main application of Y3Al5012:Tb and Y2Si05:Ce,Tb is for

flying-spot equipments. The one of ZnS:Ag is for photographic applications (Shionoya et al 1999).

Light emission Decay time

Range [nm] Colour From 90% to From 10% to

Type Composition From To Max. 10% 1%

P43 Gd202S:Tb 360 680 545 green 1ms 1.6ms

P46 Y3Al5012:Tb 490 620 530 yellow green 300ns 90^s
P47 Y2SiOs:Ce,Tb 370 480 400 blue white 100ns 2.9^s
P20 (Zn,Cd)S:Ag 470 670 550 yellow green 4ms 55ms

Pll ZnS:Ag 400 550 450 blue 3ms 37ms

Table 2: Physical properties of typically produced scintillating heads and convolution effect CE

(see section 2.1.3). Concentration C of phosphor powder in the mixture, weight ratio Mnand M2o
of P43 and P20 relative to the total weight of the powder, mass density p, relative stopping power

ps, proton water equivalent thickness p-WET of the scintillating volume. An error of 6% for ps

and p-WET as to be considered (see section 2.1.3).

C[%] M„[%] M20[%1 M20fM4i p[g/cm3] p, (Janni) P-WET [mml CE\%]

06.6 100 -

22.8 100 -

58.1 100 -

69.8 100 .

22.9 80 20

22.9 86 14

22.9 90 10

58.7 80 20

- 1.25 1.25

- 1.46 1.36

- 2.31 1.80

- 2.87 2.09

0.25 1.45 1.35

0.16 1.46 1.36

0.11 1.46 1.36

0.25 2.27 1.79

1.96±0.12 1.3 ±0.2

2.14±0.13 1.6 ±0.2

2.83 ± 0.17 2.8 ±0.3

3.28 ± 0.20 3.8 ±0.4

2.12 ±0.13 1.6 ± 0.2

2.14 ±0.13 1.6 ±0.2

2.14±0.13 1.6 ±0.2

2.81 ±0.17 2.8 ±0.3

absorption. They have emission peaks at 545 nm and at 550 nm, so that their emission

spectrum matches the transmission spectrum of the fibre and the spectral sensitivity of the

CCD. The system is thus well optimised for collecting light.
As a comparison, we investigated the response under proton radiation of three other

commercially available standard phosphors, namely Y3Al5Oi2:Tb, Y2Si05:Ce,Tb and ZnS:Ag

(Table 6). Several phosphors are associated to different P numbers as can be seen in Table 1.

The P numbers are phosphor screen symbols specified by the Electronics Industries

Association (EIA) of the U.S. These symbols have been used since 1945 (Shionoya and

William 1999).

2.7.2 Phosphor mixtures. Table 7 shows the physical properties of the different

scintillating detectors we have produced. Different concentrations of phosphor and

optical cement have been investigated, as well as different combinations of phosphors
in the same detector.

In the first column of Table 2, C is the concentration of phosphor powder in the optical

cement, given by

C=mpt (mv+ mc) (1)

where mv and m0 are the weights of the scintillating powder and optical cement respectively
and

mp=m43+ 7ra2o (2)
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where m^ and m2o are the weights of the two phosphors, Gd202S:Tb (P43) and (Zn,Cd)S:Ag

(P20). In the table M43 (m^lmp) and M2o (m2olmp) are the weights of the two powders relative to

the total weight of the phosphor powder in the mixture. The powder concentration C and the

phosphor ratio M20/M43 have also been used to calculate the mass density p and the proton

stopping power ps relative to water of each scintillating mixture. The densities of the optical
cement, P43 and P20 are 1.18 g/cm3, 7.5 g/cnr1 and 4.35 g/cm3 respectively. Also included in

the table is the average proton water equivalent thickness (p-WET) of the radiation sensitive

volume in the beam direction, which is the product of the average thickness and the relative

stopping power/)., thus,

p-WET = psnR2f(2R) = PsnRI2 (3)
where R is the radius of the radiation sensitive volume. The p-WET gives us information about

the resolution in the beam direction.

2.1.3 Physical characteristics of the scintillating detector's head. In order to accurately
measure depth dose with any detector, it is important to know the position of the effective

measurement point and the size of the detector. For instance, when the measurements are made

directly in water, then the depth and effective width of the detector along the beam direction

must be established accurately. Both these characteristics will depend on the geometrical
structure and the material composition of the detector.

The proton energy loss in matter is described by the Bethe-Bloch formula for the stopping

power, which allows one to calculate the relative proton stopping power ps (Schneider et al

1996). In Table 8, the relative stopping power has been calculated for the different materials of

the scintillating detector and holder for 138 MeVprotons. Two different sources for the mean

ionisation potential Im of different elements has been used to calculate the ps. They are listed in

the tables of Janni (1982) and in the ICRU Report 49 (1992) and are reported in Table 3.

From Table 3, we observe that the relative proton stopping power changes by less than 3%

depending on the value of Im used. In addition, there is a certain amount of uncertainty in the

plastic material's density, which depends on the methods of production, and which can show a

variation of up to 3%. Thus, a total error of about 6% has to be taken into account when

considering the calculated stopping powers of Table 3. However, as the total thickness of the

scintillating detector and holder along the beam direction is of the order of a few millimetres,
the absolute error due to these uncertainties is of the order of a tenth of a millimetre.

As a result of the higher density of the detector, a shift of the dose measurement point in

depth compared to water should be considered when performing measurements. Figure 3

shows the transversal section of a detector's head surrounded by water. Based on the values in

table 3, the shift is half of the difference between the p-WET and the average thickness (p-
WETwith ps

= 1 ) of the sensitive volume plus the shift contribution of the plexi glass on the

proximal cylindrical side (left-hand side in Figure 3). For powder concentrations (C) between

6% and 60% the total shift lies between 0.5 mmand 0.9 mmfor both Gd202S:Tb and

(Zn,Cd)S:Ag.
In addition, the influence of the full detector's head along the proton trajectory should also be

known, for the case when two or more detectors are aligned along the beam direction. For

example, the water equivalent thickness of the geometry shown in Figure 3 has been

established using the calculated stopping powers in Table 2 and Table 3. The detector had a

radiation sensitive volume consisting of a mixture of Gd202S:Tb and optical cement with a

powder concentration C of 58.1%. This corresponds to a relative stopping power of 1.8 and

results in a maximum depth shift in water because of the presence of the detector of 2.1 mm.

When integrating over the cylinder size however, the average depth shift becomes 1,05 mm±

0,06 mm. Thus, when ten such detectors are aligned along the beam direction, the effective

water equivalent depth would be increased by about 1cm.
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Beam

1.05mm

Figure 3: Influence of the detector's head when placed in water. The

water equivalent depth for a profile at a given physical depth on the

right side of the detector has been established using the calculated

stopping powers in Table 2 and Table 3

p-WET [mm]

Figure 4: Relative reduction of the height of the Bragg peak (convolution effect)
vs proton water equivalent thickness p-WBT calculated for the particular detector

of this experiment and for a proton beam of 138MeV.

Lastly, the overall size of the sensitive volume and the composition of the mixture have to

be considered when measurements are compared with the expected values, as the measurement

at a give point is the convolution of the dose distribution with the detector size. The effect of

the convolution is pronounced especially in the Bragg peak region for detectors with a large
proton water equivalent thickness p-WET. Figure 4 shows how much the measured Bragg

peak is lowered in percentage due to convolution as a function of p-WET. For the convolution

calculation, the shape of the scintillating head has been taken into account. In the last column

of Table 2 the expected convolution effect (CE) is listed for the tested radiation sensitive

volumes. Most of the scintillating detector's heads produced have a powder concentration

between 6.6% and 58.7%. Due to the non-linearity of the relative stopping power p, with the

concentration, the convolution effect for the range of concentrations considered is small,

namely between 1.3% and 2.8%.
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Figure 5: Fibre light background signal in depth (circle). As comparison the Bragg curve of a 138 MeV

proton beam measured with the Markus chamber is plotted (dash line)

2.1.4. Physical characteristics of the fibre optic system. Unfortunately some amount of

light is induced in the non-scintillating optical fibres when they are exposed to radiation. This

is an undesired background signal that is added to the main signal coming from the scintillator.

De Boer et al (1993) demonstrated that the fibre light is emitted by two independent

mechanisms, Cerenkov and fluorescence, by exposing the fibres to various high-energy photon
and electron beams. It has been shown (Beddar et al 1992a) that, with photons and electrons,

the radiation-induced light is caused primarily by Cerenkov. This is not the case when the

fibres are exposed to proton radiation as can be seen in Figure 5, which was obtained by

measuring the signal of an optical fibre exposed to a square dose field, without scintillator

attached, at different depths in water. The length of the optical fibre exposed to the beam was

3cm. The shape of curve is like the typical Bragg curve, which is to be expected if

fluorescence is dominant. If Cerenkov light would be dominant then we would expect that the

signal would decrease and disappear at a known depth, without showing any Bragg peak.
Indeed at a given depth the maximum kinetic energy imparted to a delta electron, after a proton

collision, is too low to generate Cerenkov light. The depth in water at which this occurs

depends on the refractive index of the fiber, the entrance proton energy and the stopping power

in water. The depth of 10.7cm, which is the upper limit for Cerenkov light, has been calculated

using the stopping power taken from the look up table of the ICRU report 49 (1992). From

Figure 5 we recognize that the fiber light signal increases instead of decreases at depths greater
than 10.7cm. This clearly indicates that Cerenkov light is not the dominant phenomenon for

the light emitted in the optical fibre.

Beddar et al (1992b) suggested a background subtraction with the use of parallel light

guides, without a scintillator attached, to measure the fibre light signal. However, a Gd202S:Tb
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concentration of 60%and a radiation sensitive volume of 0.005 cm (Ax =1.6 mm)guarantees

a sufficiently high signal intensity to avoid the background subtraction thanks, as the ratio of

fibre to scintillator signal is of the order of 0.2%.

2.2. Experimental procedure

To investigate the response of the different phosphors to proton irradiation, Bragg curves have

been acquired with the five different phosphors P43, P46, P47, P20 and Pll, and for a mixture

of P43 and P20. In addition, for the P43 phosphor, measurements have been made for three

different thicknesses Ax of the scintillating volume. All results have been compared to a

reference dose curve in water.

The reference curve was measured for a 138 MeVproton beam using a Markus ionisation

chamber type M23343 (PTW, Freiburg, Germany). This is a small parallel-plate ionisation

chamber, which has a plate diameter of 6 mmand a plate distance of 2 mm, giving a sensitive

volume of 0.055 cm3. The chamber is waterproofed so that measurements can be done directly
in water, in which case a protective cap is placed in front of the chamber. The plexi glass

protective cap has a thickness of 0.87 mm, which correspond to a water equivalent thickness of

1.02 mm. The position of the entrance surface of the protective cap is the reference point for

the Markus chamber. Thus the water depth of the measurement point is about 1mmlarger than

the reference point. Wehave chosen the Markus chamber for two main reasons: first, due to

the high resolution in depth given by the small air gap in the beam direction (small convolution

effect) and, second, due to the possibility to measure the dose close to the water surface thanks

to the thin protective cap. Since we are interested in the relative dose distribution in depth, no

calibration and correction factors have been used.

For depth measurements with the scintillating detectors, the depth dose curves were

obtained by keeping the position of the detectors fixed and by changing the water level above

the detectors. All measurements were made with the treatment gantry in the vertical position
(see Figure 6). Small steps of about 1mmwater thickness and larger steps of about 10-20 mm

were chosen in the Bragg-peak and plateau regions respectively. The water depth of the

measurement point was calculated considering the geometry and the composition of the

detector's head, as explained above, and using the central axis of the cylinder shaped
scintillator as the reference point for the detector.

Measurements were made using a monoenergetic beam scanned over a 6 x 6 cm cross

sectional area. The dose delivered is about 0.27 Gy at the entrance and about lGy at the Bragg

peak. The entrance energy of the protons was 138 MeVand the Bragg peak was located 13.25

cmbelow the water surface. The light produced within the scintillator is continuously collected

during the entire scan, which takes about 45 s and the measured dose is then proportional to

the integrated signal after dark signal subtraction. For this subtraction, a reference image
without beam was also acquired, which was subtracted pixel by pixel from the measured

image. The resultant dose is then proportional to the sum of the value of each pixel of the

subtracted frame for a given region of interest around the signal of each detector.

3. Results

3.1 Bragg curve measured with GdjOfS.Tb (P43)

The ionisation density dependence of Gd202S:Tb is known and has been previously measured

for protons (Boon 1998) with a CCD and phosphor screen system. In that system, a

commercially available phosphor screen (Lanex) was used, which employs Gd202S:Tb as a

scintillating powder attached to a substrate. The scintillating screen was mounted orthogonal to

150



Appendix A

Nozzle
.

n>

Opticaly
fibre i

Acustic reading distance

Water

phantom

Figure 6: Experimental setup. Gantry at 0° (vertical position)

the beam and observed by a CCDcamera via a mirror. A similar approach has been developed
at the PSI applying a regular Lanex screen (Kodak, Rochester, New York-USA), which has a

negligible convolution effect, due to the small specified mass thickness of 34mg/cm2 (p-WET
of 0.2 mm). The quenching effect for Gd202S:Tb measured with that system was 10%. Figure
7 shows the depth dose curve measured with a fibre detector having a scintillating head

consisting of a mixture of Gd202S:Tb and optical cement for two different powder
concentrations, namely 22.8% and 69.8%. The peak-to-entrance-ratio measured with the

scintillating head is 12% ± 0.5% and 14% ± 0.5%o lower than for the reference curve

respectively. The discrepancy between the ratios for the different concentrations is due to the

different resolutions in the depth of the detectors. As can been seen from Table 2, the p-WET's
of the scintillating head are 2.14 mm±0.13 mmand 3.28 mm± 0.20 mmrespectively, and the

expected convolution effects are 1.6% ± 0.2% and 3.8% ± 0.4%. Thus we obtain a signal loss

of 10.3%o ± 0.5%) due to ionisation quenching for the first scintillating head and 10.2% ± 0.6%

for the second one. These results are similar to the one measured with the system CCD+

phosphor screen, indicating that, as expected, the adding of optical cement to the phosphor
powder does not change the emission properties of the powder.

Three different thicknesses Ax of scintillating detectors of this type were also measured,

namely 3 mm, 1.5 mm, and 0.8 mm. The only important difference observed is in the signal
intensity. The intensity measured in the plateau for Ax = 1.5 mmis about 96% of the one for

Ax = 3 mm. Hence, after the reduction of the thickness Ax of a factor 2, only 4% of the

original signal is lost. For Ax = 0.8 mmthe signal is about 17%> weaker. This indicates as

expected that the signal is collected essentially near to the optical fibre. Thus, it is possible to

decrease considerably the size of the sensitive volume without any important signal loss. For

future applications, we propose to reduce the thickness to 1.6 mm. This would allow us to have

a small sensitive volume for a better measurement resolution and also reduce the impact on the

dose distribution due to the high relative stopping power of the scintillating powder. However,
for all subsequent measurements, a thickness Ax of 3 mmhas been used.

151



Development of an inorganic scintillating mixture for proton beam verification dosimetry

1

i i l

Markus chamber -

scintillating head P43: C = 22.8%

scintillating head P43' C = 69 8%

i

0

+

i i i

0.8 -

fei

to
/* ;

8
TD

i
ni

0.6

0.4

0.2

n

_-o-—-

..„-a-
6F""

i i i i

/* ci
/ i

4
4

6

1
1

1

1 l\

0 2 4 6 8 10 12 14 16

water depth [cm]

Figure 7: 138 MeVproton depth dose curve measured with two detectors having a scintillating head

consisting of a mixture of GdjC^SiTb and optical cement (circle) with different concentrations: C -

22.8%, p-WET= 2.14 mm± 0.13 mm, convolution effect of 1.7% ± 0.2% and C = 69.8%, p-WET = 3.28

mm± 0.2 mm, convolution effect of 3.8% ± 0.4%. The curves are compared to the reference curve

measured with the ionisation chamber (dash line). The experimental setup is explained in section 2.2.

3.2. Comparison between five different phosphor powders

Figure 8(a) shows the depth dose curve measured with the five different phosphors shown in

Table 1. All prepared scintillating samples had the same powder concentration of 6.58% ±

0.06% and the same proton water equivalent thickness p-WET of 1.96 mm± 0.12 mm. Indeed,
due to the low phosphor concentration, the relative stopping power is similar for all five

phosphors, namely ps- 1.25 ± 0.08.

Two opposite behaviours are observed in the Bragg peak. First consider the phosphors
Gd202S:Tb, Y3AL5Oi2:Ce and Y2Si05:Ce,Tb. As expected, for these three phosphors, a

considerable quenching effect is observed in the Bragg peak, although the magnitude of the

effect depends on the type of phosphor considered. Y3AL50)2:Ce (P46) shows the largest
ionisation quenching effect corresponding to a signal loss of about 22% and is, therefore, not

ideal for proton therapy dosimetry. For the phosphor Y2Si05:Ce,Tb (P47) a signal loss of 12%

is observed, whereas Gd202S:Tb (P43) has the smallest quenching of 10%. In addition, these

phosphors provide different signal intensities, as shown in the Figure 8(b), where it is clearly
shown that Gd202S:Tb has an excellent emission efficiency, The compatibility of the emission

spectrum of Gd202S:Tb to the transmission spectrum of the light guide also contributes to the

better signal collection efficiency for this powder.
Now consider the second group consisting of the phosphors (Zn,Cd)S:Ag and ZnS:Ag.

Both phosphors show an increased efficiency in the Bragg peak. The peak-to-entrance ratio of

(Zn,Cd)S:Ag (P20) is 44% higher than the one of the reference curve, and for ZnS:Ag (Pll)
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Figure 8: (a) Bragg peak curves measured with five different phosphors and normalized at a

depth of 5.7 cm. Properties of the scintillating volume: C= 6.58% ± 0.08%, p-WET - 1.96 mm±

0.12 mm. Expected convolution effect' 1.4% ± 0.2%. (b) Relative light intensity, which is the

results of the scintillation of the phosphor, the self absorption of the phosphor, the absorption of

the optical cement, the absorption of the light guide and the quantum efficiency of the CCD.

the ratio is even higher, namely 86%of the reference curve. At the moment no explanation can

be given for this phenomenon, and to our knowledge, no such effect has thus far been reported
in the literature as most of the studies concerning these phosphors have been performed using
electromagnetic radiation. (Zn,Cd)S:Ag is a mixture of two phosphors, namely ZnS and CdS

in a molar ratio 6:4 (Shionoya and William 1999). The peak-to-entrance ratio is smaller for

this mixture than for the pure phosphor ZnS:Ag. Thus, the phenomenon seems to correlate
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Figure 9: (a) Depth dose curves normalized for a depth of 6 cm measured with three different

phosphor concentrations of (Zn,Cd)SAg and (b) relative light intensity for six different

concentrations of (Zn,Cd)S:Ag.

especially to the presence of ZnS:Ag. The light intensity of (Zn,Cd)S:Ag is higher than that of

ZnS:Ag and is similar to that of Gd202S:Tb.

Figure 9(a) shows the response of (Zn,Cd)S:Ag for three different phosphor
concentrations, namely 1.7%, 24.8% and 62.3%. The particular phenomenon mentioned above

is observed for all the concentrations considered. The expected convolution effects are 1.3%,

1.7% and 2.7% respectively, which can partially explain the difference of 2.9% between the

height of the Bragg peak for the higher concentration considered above and the one for the

lower concentration. As expected, the light intensity increases with phosphor concentration
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Figure 10: Depth dose curve measured with a scintillating detector's head consisting of a

mixture of 80 wt% Gd2OzS:Tb and 20 wt% (Zn,Cd)S:Ag (circle). The concentration of the P43

+ P20 phosphor in the mixture is 22.9%, thus p-WET = 2.12 mm± 0.12 mm. The plotted
reference curve is the convolution of the Markus chamber dose measurement with the

scintillating detector's head.

(Figure 9(b)). However, for the scintillating head consisting of only phosphor powder (C =

100%>), the signal is significantly reduced due to optical inefficiency in the connection of the

phosphor to the light guide in the absence of optical cement.

3.3. Phosphor mixture Gd202S:Th+(Zn,Cd)S:Ag

As seen in Figure 8(a), Gd202S:Tb and (Zn,Cd)S:Ag were observed to have opposite responses

in the Bragg peak region, a fact which, in principle, could be used to produce an 'optimal'
phosphor which matches exactly the response of the reference Bragg curve. In particular, it

was expected that a small amount of (Zn,Cd)S:Ag mixed with Gd202S:Tb will rise the peak-
to-entrance ratio of the mixture, and provide a phosphor with a ratio closer to the one measured

with ionisation chambers. By assuming that the system has a linear response, and with the help
of the data of the measurement shown in Figure 8, it was possible to estimate the amount of

(Zn,Cd)S:Ag that should be added to achieve this goal. The results of the estimation is a

phosphor mixture consisting of 80 wt% of Gd202S:Tb and 20 wt% of (Zn,Cd)S:Ag. It is

important to note, however, that the convolution effect must not be corrected with the addition

of(Zn,Cd)S:Ag.
The Bragg curve measured with this mixture for a p-WET of 2.12 mmis shown in Figure

10, where the reference curve has been convolved with the active volume of the scintillating
detector. The excellent agreement between the two curves shows that the 80%/20% mix of

Gd202S:Tb and (Zn,Cd)S:Ag results in a phosphor that exactly reproduces the reference Bragg
peak and exhibits no quenching effect. Figure 11 shows how the peak can be modulated by
changing the weight ratio P43:P20. If the amount of (Zn,Cd)S:Ag represents only 10%> of the

total mass, then 5%of signal loss is observed. If it represents 14% of the total mass, then the
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Figure 11: Depth dose curves measured with scintillating detector's heads having three different

weight ratios P43:P20 of the phosphor mixture Gd202S:Tb + (Zn,Cd)S:Ag and same powder
concentration C - 22.9%. Es can be seen from Table 2 the expected convolution effect is similar

for all the mixtures considered here, thus we plotted the same reference curve of Figure 10.

quenching of luminescence decreases to 3%>. Again, the reference curve of Figure 11 is plotted
after convolution.

4. Discussion

The use of a mixture of optical cement and phosphor powder allows for the preparation of

small and compact radiation sensitive volumes with high flexibility in the choice of the best

geometry, i.e., cylindrical volumes in which the sensitivity of the detector is independent of the

orientation of the detector to the beam direction. By changing the concentration of the powder,
the amount of emitted light can be controlled and thus the ratio of fibre to scintillator signal
can be minimised. To ensure the strongest signal possible, a phosphor concentration of 60%

has been chosen with a mixture consisting of 40 wt% of optical cement, 48 wt% of Gd202S:Tb
and 12 wt% of (Zn,Cd)S:Ag. The resulting detector has a density of 2.3 g/cm3 and a theoretical

relative stopping power of 1.8 ± 0.1, which represents our compromise to avoid the fibre

background light subtraction, whose ratio is less than 1 %for such a mixture with a thickness

of the scintillating volume larger than 1.5mm. In this case the p-WET is 2.83 mm± 0.17 mm

and the expected convolution effect is 2.8% ± 0.3%o. Wecould however reduce the convolution

effect for constant concentration by reducing the diameter of the radiation sensitive volume.

For instance, by reducing the diameter to 1mm, the convolution effect could be reduced by a

factor 4. It should be noted, however, that the ratio of the scintillating mixture was optimised
implying the attenuation spectrum of the light guide and of the lens and the quantum efficiency
of the CCDsensor used in the experiments. The ratio could possibly vary for other light
detectors.
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Figure 12; Comparison of the emission spectrum of (Zn,Cd)S:Ag measured in the plateau (dots)
and in the Bragg peak (dash line). The spectrum in the Bragg peak is scaled (straight line) to the

maximum of the spectrum in the plateau. The scaled curve matches well with the spectrum in

the plateau

The unexpected behaviour of (Zn,Cd)S:Ag observed in the Bragg peak needs specific
theoretical and experimental examinations in order to give an answer as to its origin. However,

we took a first step in that direction by measuring the emission spectrum of (Zn,Cd)S:Ag at

different positions of the Bragg curve to examine the dependence of the spectrum on ionisation

density. A Fibre Optic Spectrometer type S2000 (Ocean Optic Inc., Dunedin, Florida-USA)
was used. If differences were observed in the spectral characteristic of the emission between

the region with low ionisation density (plateau of the Bragg curve) and the region with high
ionisation density (corresponding to the Bragg peak), then we would expect an influence on

the amount of light transferred by the fibre and collected by the CCDin the two regions.
The spectral response of Gd202S:Tb has previously been measured by Boon (1998) and no

change in the shape of the spectrum was found between the plateau and Bragg peak regions.
Figure 12 shows similar measurements of the scintillator spectra for (Zn,Cd)S:Ag measured in

the plateau and in the Bragg peak. As has been found for Gd202S:Tb, the only important
difference is in the intensity of the emitted light. The intensity in the plateau is about 18% of

that in the Bragg peak, which correspond to the measured peak-to-entrance dose ratio. Thus,
the increased response of the detector in the region with high ionisation density is not related

to differences in the efficiency of the entire detector system, but to an increased efficiency of

the scintillator itself.

If the emission, absorption, reflection and transmission properties of the fibre detector

could be measured, then we would, in principle, be able to predict the collected light as a

function of dose. Unfortunately, it is extremely difficult to know these characteristics

precisely, as they change for different compositions of the sensitive volume, for different

geometrical shapes of the scintillating volume and for differences in the polished quality of the

ends of the fibres. Thus, the thickness Ax, diameter, emission and self absorption of light for

the single components of the scintillating mixture would have to be exactly known (see Figure
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10000

1000 -

100

400 450 500 550

wavelenght [nm]

600 650 700

Figure 13: Emission spectrum of the mixture (straight line) P43 (80%) + P20 (20%) measured in

the Bragg peak. As comparison the measured emission spectra of the components of the mixture,

namely Gd202S:Tb (dots) and (Zn,Cd)S:Ag (dash line) are plotted as well. A logarithmic scale

with an offset of 100 has been chosen, in order to point out the contribution of (Zn,Cd)S:Ag for

the emission spectrum of the mixture. (Zn,Cd)S:Ag emits a wide continuous spectrum compared
to the line spectrum of Gd202S:Tb.

13 for the emission spectra of the mixture P43 + P20, the phosphor P43 and P20) and these

properties are time dependent due to radiation damage. Thus, for dosimetry purposes we need

to calibrate the fibre detector. This could be done every time we need to do absolute dosimetry
by exposing the fibre detector to a well known dose distribution previously tested with

calibrated ionisation chambers.

Wewish to use the new phosphor composition described here to construct a quasi-three-
dimensional measurement device which can be irradiated from multiple directions for the

verification of dynamic proton therapy plans. For this purpose, the sensitive volumes will have

a cross section coupled to the optical fibre of 3.14 mm2and a thickness of 1.6 mm, which

results in small volume of 0.005 cm3. However, the relative stopping power of the phosphor
mixture is 1.8 and it must be considered in the 3D distribution of the scintillating volumes in

order to minimize disturbances to the dose distribution. For instance, where possible, we

would wish to avoid positioning the detectors one after the other along the proton path.
Nevertheless, knowledge of the specific geometry and composition of the detector's head

would allow us to recalculate the dose within the phantom, perhaps using Monte Carlo

calculations, which could then more accurately take into account the perturbing effect of the

detectors in the homogenous phantom. An interesting further application of the use of the

phosphor mixture Gd202S:Tb + (Zn,Cd)S:Ag is mthe production of a scintillating screen for

use in a CCDbased, high resolution two dimensional dosimeter system as described by Boon

et al (2000). At present, this system requires a quenching correction, but if the scintillating
screen could be produced from the phosphor mixture described in this work, this would make

the evaluation of the measurements considerably easier.
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Lastly, we have seen that the measured peak-to-entrance ratio can be modulated simply by
steering the ratio of the two powders in the mixture. Interestingly, this could be exploited in

order to make a detector that can simulate, to some extent, the biological response of irradiated

tissues. As the biologically effective dose is also enhanced in areas of high ionisation density
(i.e. in the Bragg peak), increasing the proportion of (Zn,Cd)S:Ag could allow us to produce a

phosphor that exactly matches the biological response for a given biological end point and

model.

5. Conclusion

A phosphor mixture consisting of 80 wt% of Gd202S:Tb and 20 wt% of (Zn,Cd)S:Ag takes

full advantage of the potential laying in the contrasting behaviour of the two phosphors in the

Bragg peak, i.e., the quenching effect observed for Gd202S:Tb can be cancelled by adding a

specific amount of (Zn,Cd)S:Ag. In addition, for small sensitive volumes of 0,005 cm3, the

fibre light signal has been found to be negligible due to the excellent emission properties of

Gd202S:Tb and (Zn,Cd)S:Ag. This phosphor mixture has been shown to have a response along
the Bragg curve that exactly matches that measured using an ionisation chamber, without

requiring a quenching correction, indicating that it is an ideal material for constructing small

volume radiation detectors for proton therapy dosimetry.
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Appendix B

Explanation of the numerical integration used to compute the width of

the spatial distribution of the beam.

The broadening of the pencil beam can be calculated with the transport equation 6-4 for

Ax(z). The characteristic width gx,mcs of the spatial distribution is then given by the square

root oîAx(z)l2.

Weconsider now the case of a beam with initial 0 phase space and initial Energy E„,

which strikes orthogonal an absorber of homogeneous material of mass thickness Ar,

density p and radiation length Xq, Phase space 0 means that Aox, Bqx and Cox are equal to 0.

Thus we are considering an idealized point source emitting monodirectional protons with

energy En.

From Eq. 6-4 Ax(z) becomes simply (with the substitution: r = pz" and Ar = pz)

Ax(Ar) = 1 + 0.038 In
Ar

\XQJ

13.6

^ P
,

_2_
X,

Arf 1
\.2

0 0 pßc
(Ar-rfdr (1)

The integration of Eq. (1) was performed using the energy-range Look Up Tables of

Appendix D for entrance energies E„ up to 250 MeV(n = 1, 2, 3, ..., 250). The beam exit

energy Eow is therefore between Emand Em.j with m<n, that is

This is equivalent to say that

Em> Eout > Em-i

Rcsda(Em) > Rcsda(E„) - Ar > Rcsda(Em-l)

Furthermore we suppose that the energy is constant between the interval Et and Et.j and

equal to (£, + Ei_f)l2 for i = 1, 2, 3
...,

250
.

Wecan therefore rewrite Eq. (1) explicity as a function of Ar andii«, namely
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Appendix B: numerical integration for the width of the beam spatial distribution

Ax(Ar,En) = l + 0.0381n
Ar

\Xi)J

"|2 ri3.6Y

I p J

f 1 \2

\PßCj
\(Ar-r)2dr+ V

mRcsd0(E„)-Rcslla(Em) '="+!

Xn

f I \ Resih (En )~Rendu (ßl-l)

PPC)> />,^(E„)-Rnda

\(Ar-r) dr

(2)

Note that in (2) the energy term is now outside the integral, (pßc), is given with Eq. 8-14

at the energy (E, + E,.i)l2.

The remaining integral can now be explicitly solved, which leads to the following

expression

Ax(Ar,En)

(Ar - r)~

1 + 0.03 8 In
Ur^

'
1

^

\PßCj„

vxoy

R-ada (E„ )-R„iii(Em )

2^3.6^2

V H J

+ 1-
i=m+\

Xn

f
1

^

\Pßcj

(Ar - r)
^cafo(£»)-Ä.-srfo(ßi l)

R,„,AE„)-Rc,dAE;)

(3)

An algorithm was written to calculate expression (3) using the energy-range Look Up
Table. ox,mcs is then equal to

'x,MCS (Ar,En),^EÄ (4)
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Appendix C

Proton Data Table

for inelastic nuclear cross sections

The table of this Appendix lists the total inelastic nuclear cross section for protons with

energies up to 250 MeV, in units of mbarns. Cross sections arc listed for the following

targets: C, N, O, S, Ar, Zn, Cd, Gd. Hydrogen is not reported because at energies below

300 MeV the total inelastic cross section in negligibly small. In general, the inelastic

cross sections become negligible below the threshold energy of the first excited states,

which is a few MeV for C, N, and O. At the higher energies, the total inelastic cross

sections become roughly independent of incident energy and are approximately equal to

the geometrical cross sectional area of the nucleus (ICRU report 63). The ICRU report 63

(2000) lists the inelastic nuclear cross sections for protons incident only on C, N, O, Al,

Si, P, Ca, Fe, Cu, W, and Pb, for energies up to 300 MeV. Thus, for most of the targets

we are interested in, the ICRU report 63 cannot be used. Therefore, to compute the Table

of this Appendix we first compared experimental data of the inelastic nuclear cross

section with different prediction models (including the one used by the ICRU report 63)

and for each nucleus we chose the model that matched better to the experimental data. It

was possible to make the choice thanks to the work of Alexander Tourovsky, a

theoretical physicist of the Department of Radiation medicine of PSI. In his yet

unfinished manuscript ("Universal Paramctcnzations of Reaction Cross Sections") he

carefully collected experimental data (Barashenkov 1993, Bobchenko 1979, Carlson

1996) of inelastic nuclear cross sections for incident protons on many nuclei and plotted

and compared them together with different prediction models. Based on this analysis, for

most of the targets considered, we decided to use the model presented by Wcllisch and

Axen ( 1996) . However, for O and Zn wc preferred to use the model given by the ICRU

report 63 and by Shen et al (1989)g8 respectively, due to the better fit to the experiments.

For S and Gd, there is a shortage of experimental data and the model chosen was verified

also for similar targets (similar Z value) with larger data availability.

Their original article contains errors and the corrected version for nuclei with Z > 5 is given by Prael and

Chadwick (1997).
mAlthough Shen et al formulae were computed for heavy-ions projectiles, it turns out to be applicable also

for incident protons.
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Appendix C: Proton Data Table Total Inelastic Nuclear Cross Sections

TOTALINELASTIC CROSSSECTIONSFORPROTONS

WITH ENERGIESUPTO250 MeV

Element C N O S Ar Zn Cd Gd

Z 6 7 8 16 18 30 48 64

A 12.0107 14.0067 15.9994 32.066 39.948 65.390 112.411 157.250

E C N OS Ar Zn Cd Gd

MeV mbam mbam mbam mbam mbam mbam mbam mbam

EC N OS Ar Zn Cd Gd

MeV mbam mbam mbam mbam mbam mbam mbam mbam

1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000 0.000 118.7 0.000 0.000

67.50 103.4 208.0 375.0 452.4 329.5 408.5 258.8

96.82 145.8 308.0 480.9 574.7 484.4 549.2 357.9

9 130.4 192.3 381.0 575.4 682.0 603.4 692.1 467.6

10 166.7 240.1 425.0 654.5 770.5 695.5 828.9 5X3.2

11 204.2 286.7 452.0

12 241.0 330.1 479.0

717.8

766.8

840.4 768.6 953.6 700.1

894.0 828.0 1063. 814.3

13 275.8 368.9 498.0 803.6 934.1 876.5

14 307.7 402.4 511.0 830.7 963.3 916.3

15 335.9 430.5 518.0 850.0 984.0 948.5

16 360.3 453.3 524.0 863.1 998.1 974.3

17 380.6 471.4 528.0 871.5

18 397.2 485.2 531.0 876.1

19 410.3 495.3 533.0 877.7

20 420.3 502.2 535.0 876.9

21 427.6 506.5 536.0 874.4

22 432.4 508.6 536.0 870.3

23 435.3 508.8 534.9 865.1

1007.

1011.

1013.

1012.

1010.

1006.

1000.

24 436.4 507.5 533.0 859.0 994.1

35 394.6 449.8 471.0 769.5

36 389.2 443.5 466.3 761.1

37 383.7 437.2 461.9 752.9

38 378.3 431.0 457.6 744.8

39 373.0 425.0 453.3

40 367.7 419.0 449.0 729.1

41 362.6 413.2 444.4 721.5

42 357.6 407.6 439.7 714.1

402.1

882.1

873.6

736.9 865.1

856.9

43 352.7

996.6

1016.

1032.

1045.

1055.

1065.

1072.

1076.

25 436.0 505.0 530.0 852.2 986.9 1079.

26 434.5 501.5 526.0 844.9 979.2 1080.

27 432.0 497.2 521.0 837.1 971.0 1081.

28 428.7 492.2 515.0 829.0 962.5 1082.

29 424.8 486.8 508.1 820.6 953.7 1081.

30 420.4 481.1 501.0 812.2 944.8 1069.

31 415.7 475.0 494.0 803.6 935.8 1055.

32 410.6 468.8 487.6 795.0 926.7 1048.

33 405.4 462.5 481.6 786.5 917.7 1045.

34 400.1 456.2 476.1 777.9 908.6 1042.

899.7 1037.

890.9 1031.

1023.

1015.

1007.

1000.

848.8 994.4

840.9 989.5

434.9 706.8 833.1 985.4

44 347,9 396.7 430.0 699.8 825.6 981.8

45 343.3 391.6 425.0 692.9 818.2 978.6

46 338.8 386.5 419.9 686.3 811.1 975.4

47 334.5 381.7 414.9 679.8 804.1 972.1

48 330.3 377.0 410.0 673.5 797.3 968.5

49 326.2 372.5 405.3 667.4 790.8 964.7

50 322.3 368.1 401.0 661.4 784.4

51 318,5 363.9 396.9 655.7 778.1

52 314.9 359.8 393.1 650.1 772.1

53 311.3 355.9 389.4 644.7 766.3 950.6

54 308.0 352.1 385.8 639.5 760.6 947.9

960.8

957.1

953.6

1157. 922.6

1235. 1023.

1300.

1352.

1395.

1428.

1454.

1474.

1490.

1501.

1509.

1514.

1517.

1518.

1518.

1516.

1513.

1510.

1506.

1501.

1496.

1491.

1485.

1480.

1474.

1468.

1461.

1455.

1449.

1443.

1437.

1431.

1425.

1419.

1413.

1407.

1401.

1396.

1390.

1384.

1379.

1374.

1114.

1195.

1267.

1330.

1384.

1431.

1471.

1505.

1534.

1559.

1579.

1596.

1611.

1622.

1632.

1640.

1646.

1650.

1654.

1656.

1658.

1659.

1659.

1659.

1658.

1657.

1656.

1654.

1652.

1650.

1647.

1644.

1642.

1639.

1636.

1633.

1630.

1627.

1624.

1621.

55 304.7 348.4 382.0 634.4 755.1 945.4 1369. 1618.

57 298,5 341.5 373,8 624.8 744.6 940.8 1359. 1611

58 295,6 338.2 369,7 620.1 739.5 938.5 1354. 1608

59 292,8 335.1 365.7 615.7 734.7 936.1 1349. 1605

60 290.1 332.1 362.0 611.4 729.9 933.6 1344. 1602

61 287.5 329.1 358.6 607.2 725.4 931.0 1340. 1599

62 284.9 326.3 355.5 603.2 720.9 928.3 1335. 1596

63 282.5 323.6 352.6 599.3 716.6 925.5 1331. 1593

64 280.2 321.0 349.8 595.5 712.5 922.7 1327. 1590

65 278.0 318.5 347.0 591.8 708.4 919.9 1323. 1587

66 275.8 316.1 344,0 588.3 704.5 917.1 1318. 1584

67 273.7 313.7 341.1 584.8 700.7 914.4 1314. 1581

68 271.7 311.5 338.2 581.5 697.1 911.7 1311. 1578

69 269.8 309.3 335.5 578.3 693.5 909.2 1307. 1575

70 267.9 307.2 333.0 575.2 690.1 906.7 1303. 1572

71 266.1 305.2 330.7 572.2 686.7 904.3 1299. 1569

72 264.4 303,3 328.7 569.3 683.5 902.0 1296. 1567

73 262.7 301,4 326.8 566.4 680.3 899.7 1292. 1564

74 261.1 299.6 324 9 563.7 677.3 897.5 1289. 1561

75 259.6 297.8 323.0 561.0 674.3 895.4 1285. 1559

76 258.1 296.1 320.8 558.5 671.4 893.2 1282. 1556

77 256.6 294.5 318.7 556.0 668.6 891.1 1279. 1554

78 255.2 292.9 316.6 553.6 665.9 889.1 1276. 1551

79 253.9 291.4 314.6 551.2 663.3 887.0 1273. 1549

80 252.6 289.9 313.0 548.9 660.7 884.9 1270. 1546

81 251.3 288.5 311.7 546.7 658.3 882.9 1267. 1544

82 250.1 287.2 310.6 544.6 655.9 880.8 1264. 1541

83 248.9 285.8 309.8 542.5 653.5 878.8 1261. 1539

84 247.8 284.5 308.9 540.5 651.3 876.7 1258. 1537

85 246.7 283.3 308.0 538.6 649.1 874.7 1256. 1534

86 245.6 282.1 306.8 536.7 646.9 872.8 1253. 1532

87 244.6 280.9 305.5 534.8 644.8 870.9 1250. 1530

88 243.6 279.8 304.1 533.0 642.8 869.1 1248. 1528

89 242.7 278.7 302.9 531.3 640.9 867.3 1245. 1526

90 241.7 277.7 302.0 529.6 638.9 865.6 1243. 1524

91 240.8 276.6 301.3 528.0 637.1 863.9 1240. 1522

92 240.0 275.7 300.9 526.4 635.3 862.2 1238. 1519

93 239.1 274.7 300.6 524.9 633.5 860.6 1236. 1517

94 238.3 273.8 300.3 523.4 631.8 859.1 1234. 1516

95 237.5 272.9 300.0 521.9 630.1 857.6 1231. 1514

96 236.7 272.0 299.4 520.5 628.5 856.2 1229, 1512

97 236.0 271.1 298.8 519.1 627.0 854.8 1227. 1510

98 235.3 270.3 298.1 517.8 625.4 853.4 1225. 1508

99 234.6 269.5 297.5 516.5 623.9 852.1 1223. 1506

100 233.9 268.7 297.0 515.2 622,5 850.9 1221. 1504

101 233.2 268.0 296.5 513.9 621.1 849.6 1219. 1503

102 232.6 267.3 296.1 512.7 619.7 848.5 1217. 1501

103 232.0 266.5 295.9 511.6 618.3 847.3 1215. 1499

104 231.4 265.9 295.8 510.4 617.0 846.2 1213. 1497

105 230.8 265.2 295.8 509.3 615.7 845.1 1212. 1496

106 230.2 264.5 295.8 508.2 614.5 844.1 1210. 1494

107 229.6 263.9 295.9 507.2 613.3 843.1 1208. 1492

108 229.1 263.3 295.9 506.2 612.1 842.1 1206. 1491

109 228.6 262.7 296.0 505.2 610.9 841.1 1205. 1489

110 228.1 262.1 296.0 504.2 609.8 840,1 1203. 1488

111 227.6 261.5 296.0 503.2 608.7 839.2 1202. I486

56 301.5 344.9 377.9 629,5 749.7 943,0 1364. 1614. 112 227.1 261.0 296.0 502.3 607.7 838.2 1200. 1485.
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TOTALINELASTIC CROSSSECTIONSFORPROTONS

WITHENERGIESUPTO250 MeV

EC N OS Ar Zn Cd Gd

MeV mbam mbam mbam mbam mbam mbam mbam mbani

EC N OS Ar Zn Cd Gd

MeV mbam mbam mbam mbarn mbam mbam mbam mbam

113 226,6 260.5 295.9 501.4 606.6 837.3 1198. 1483.

114 226.2 259.9 295.8 500.5 605.6 836.4 1197. 1482.

115 225.7 259.4 295.6 499.7 604.6 835.4 1195. 1480.

116 225.3 258.9 295.5 498.8 603.6 834.5 1194. 1479.

117 224,9 258.4 295.3 498.0 602.7 833.6 1193. 1477.

118 224.5 258.0 295.2 497.2 601.7 832.7 1191. 1476.

119 224.1 257.5 295.1 496.4 600.8 831.7 1190. 1475,

120 223.7 257.1 295.0 495.7 600.0 830.8 1188. 1473.

121 223.3 256.6 295.0 494.9 599.1 830.0 1187. 1472.

122 222.9 256.2 295.0 494.2 598.2 829.2 1186. 1471.

12.3 222.6 255.8 295.0 493.5 597.4 828.5 1184. 1470.

124 222.2 255.4 295.0 492.8 596.6 827.8 1183. 1468.

125 221.9 255.0 295.0 492.1 595.8 827.3 1182. 1467.

126 221.5 254,6 295.0 491.5 595.1 826.8 1181. 1466.

127 221.2 254.3 295.0 490.8 594.3 826.4 1180. 1465.

128 220.9 253.9 295.0 490.2 593.6 826.0 1178. 1463.

129 220,6 253.5 295.0 489.6 592.8 825.7 1177. 1462.

130 220.3 253.2 295.0 489.0 592.1 825.3 1176. 1461.

131 220.0 252.8 295.0 488.4 591.4 825.1 1175. 1460.

132 219.7 252.5 295.0 487.8 590.8 824.8 1174. 1459,

133 219.4 252.2 295.0 487.2 590.1 824.5 1173. 1458.

134 219,1 251.9 295.0 486.7 589.5 824.2 1172. 1457.

135 218.9 251.6 295.0 486.1 588.8 823.9 1171. 1455.

136 218.6 251.3 295.0 485.6 588.2 823.5 1170. 1454.

137 218.3 251.0 295.0 485.1 587.6 823.1 1169. 1453.

138 218.1 250.7 295.0 484.6 587.0 822.7 1168. 1452.

139 217.8 250.4 295.0 484.1 586.4 822.2 1167. 1451.

140 217.6 250.1 295.0 483.6 585.8 821.6 1166. 1450.

141 217.4 249.9 295.0 483.1 585.3 821.0 1165. 1449.

142 217.1 249.6 295.0 482.7 584.7 820.3 1164. 1448.

143 216.9 249.3 295.0 482.2 584.2 819.7 1163. 1447.

144 216.7 249.1 295.0 481.8 583.7 819.0 1162. 1446.

145 216.5 248.8 295.0 481.3 583.2 818.3 1161. 1445,

146 216.3 248.6 295.0 480.9 582.7 817.6 1160. 1444.

147 216.1 248.4 295.0 480.5 582.2 816.9 1159. 1443.

148 215.9 248.1 295.0 480.1 581.7 816.2 1158. 1442.

149 215.7 247.9 295.0 479.7 581.2 815.6 1158, 1442.

150 215.5 247.7 295.0 479.3 580.7 815.0 1157. 1441.

151 215.3 247.5 295.0 478,9 580.3 814.4 1156. 1440.

152 215.1 247.3 295.0 478.5 579.8 813.9 1155, 1439.

153 214.9 247.1 295.0 478.1 579.4 813.4 1154. 1438.

154 214.8 246.8 295.0 477.8 579.0 812.9 1153. 1437.

155 214.6 246.7 295.0 477.4 578.5 812.5 1153. 1436.

156 214.4 246.5 295.0 477.1 578.1 812.1 1152. 1436.

157 214,2 246.3 295.0 476.7 577.7 811.7 1151. 1435.

158 214.1 246.1 295.0 476.4 577.3 811,4 1150. 1434.

159 213.9 245.9 295.0 476.0 576.9 811.1 1150. 1433.

160 213.8 245.7 295.0 475.7 576.5 810.8 1149. 1432.

161 213.6 245.5 295.0 475,4 576.2 810,5 1148. 1432.

162 213.5 245.4 295.0 475.1 575.8 810.3 1148. 1431.

163 213.3 245.2 295.0 474.8 575.4 810.1 1147. 1430.

164 213.2 245.0 295.0 474.5 575.1 809.9 1146. 1429.

165 213.0 244.9 295.0 474.2 574.7 809.8 1146. 1428.

166 212.9 244.7 295.0 473.9 574.4 809.7 1145. 1428.

167 212.8 244.6 295.0 473.6 574.0 809.6 1144. 1427.

168 212.6 244.4 295.0 473.3 573.7 809.5 1144. 1426.

169 212.5 244.2 295.0 473.1 573.4 809.5 1143. 1426.

170 212.4 244.1 295.0 472.8 573.0 809.4 1142. 1425.

171 212.2 244.0 295.0 472.5 572.7 809.4 1142. 1424.

172 212.1 243.8 295.0 472.3 572.4 809,4 1141, 1423.

173 212.0 243.7 295.0 472.0 572.1 809.3 1141. 1423.

174 211.9 243.5 295.0 471.8 571.8 809.2 1140. 1422.

175 211.8 243.4 295.0 471.5 571.5 809.0 1139. 1421.

176 211.6 243.3 295.0 471.3 571.2 808.9 1139. 1421.

177 211.5 243.1 295.0 471.0 570.9 808,7 1138, J420.

178 211.4 243.0 295.0 470.8 570.7 808.4 1138. 1419.

179 211.3 242.9 295.0 470.6 570.4 808.1 1137. 1419.

180 211.2 242.8 295.0 470.3 570.1 807.8 1137. 1418.

181 211.1 242.6 295.0 470.1 569.8 807.5 1136. 1418.

182 211.0 242.5 295.0 469.9 569.6 807.2 1136. 1417.

183 210.9 242.4 295.0 469,7 569.3 806.9 1135. 1416.

184 210.8 242.3 295.0 469.5 569.1 806.6 1135. 1416.

185 210.7 242.2 295.0 469.3 568.8 806.3 1134. 1415,

186 210.6 242.1 295.0 469.1 568.6 806.0 1134. 1415.

187 210.5 242.0 295.0 468.9 568.3 805.8 1133. 1414.

188 210.4 241.9 295.0 468.7 568.1 805.5 1133. 1413.

189 210.3 241.8 295.0 468.5 567.8 805.3 1132. 1413.

190 210.2 241.7 295.0 468.3 567.6 805.1 1132. 1412.

191 210.2 241.6 295.0 468.1 567.4 804.9 1131. 1412.

192 210.1 241.5 295.0 467.9 567.2 804.8 1131. 1411.

193 210.0 241.4 295.0 467.7 566.9 804.6 1130. 1411.

194 209.9 241.3 295.0 467.5 566.7 804.5 1130. 1410.

195 209.8 241.2 295.0 467.4 566.5 804.3 1129. 1410.

196 209.7 241.1 295.0 467.2 566.3 804.2 1129. 1409.

197 209.7 241.0 295.0 467.0 566.1 804.1 1128. 1408.

198 209.6 240.9 295.0 466.8 565.9 804.0 1128. 1408.

199 209.5 240.8 295.0 466.7 565.7 803.9 1128. 1407.

200 209.4 240.7 295.0 466.5 565.5 803.8 1127. 1407.

201 209.4 240.6 295.0 466.3 565.3 803.7 1127. 1406.

202 209.3 240.5 295.0 466.2 565.1 803.6 1126. 1406,

203 209.2 240.5 295.0 466.0 564.9 803.6 1126. 1405.

204 209.1 240.4 295.0 465.9 564.7 803.5 1126. 1405.

205 209.1 240.3 295.0 465.7 564.6 803.4 1125. 1404.

206 209.0 240.2 295.0 465.6 564.4 803.4 1125. 1404.

207 208.9 240.1 295.0 465.4 564.2 803.3 1124. 1403.

208 208.9 240.1 295.0 465.3 564.0 803.3 1124. 1403.

209 208.8 240.0 295.0 465.1 563.8 803.2 1124. 1403.

210 208.7 239.9 295.0 465.0 563.7 803.2 1123. 1402.

211 208.7 239.8 295.0 464.9 563.5 803.2 1123. 1402.

212 208.6 239.8 295.0 464.7 563.3 803.2 1123. 1401.

213 208.6 239.7 295.0 464.6 563.2 803.2 1122. 1401.

214 208.5 239.6 295.0 464.5 563.0 803.3 1122. 1400.

215 208.4 239.6 295.0 464.3 562.9 803.3 1121. 1400.

216 208.4 239.5 295.0 464.2 562.7 803.3 1121. 1399.

217 208.3 239.4 295.0 464.1 562.6 803.4 1121. 1399.

218 208.3 239.4 295.0 463.9 562.4 803.5 1120. 1398.

219 208.2 239.3 295.0 463.8 562.2 803.6 1120. 1398.

220 208.1 239.2 295.0 463.7 562.1 803.7 1120, 1398.

221 208.1 239.2 295.0 463.6 562.0 803.8 1119. 1397.

222 208.0 239.1 295.0 463.5 561.8 804.0 1119. 1397.

223 208.0 239.0 295.0 463.3 561.7 804.1 1119. 1396.

224 207.9 239.0 295.0 463.2 561.5 804.3 1118. 1396.

225 207.9 238.9 295.0 463.1 561.4 804.4 1118. 1396.

226 207.8 238.9 295.0 463.0 561.3 804.6 1118. 1395.

227 207.8 238.8 295.0 462.9 561.1 804.8 1118. 1395.

228 207.7 238.8 295.0 462.8 561.0 804.9 1117. 1394.

229 207.7 238.7 295.0 462.7 560.9 805.1 1117. 1394.

230 207.6 238.6 295.0 462.6 560.7 805.3 1117. 1394.

231 207.6 238.6 295.0 462.5 560.6 805.5 1116. 1393.

232 207.5 238.5 295.0 462.4 560.5 805.7 1116. 1393.

233 207.5 238.5 295.0 462,3 560.4 805.9 1116. 1393.

234 207.5 238.4 295.0 462.2 560.2 806.1 1115. 1392.

235 207.4 238.4 295.0 462.1 560.1 806.2 1115. 1392.

236 207.4 238.3 295.0 462.0 560.0 806.4 1115. 1391.

237 207.3 238.3 295.0 461.9 559.9 806.6 1115. 1391.

238 207.3 238.2 295.0 461.8 559.8 806.8 1114. 1391.

239 207.2 238.2 295.0 461.7 559.6 806.9 1114. 1390.

240 207.2 238.1 295,0 461.6 559.5 807.1 1114. 1390.

241 207.2 238.1 295.0 461.5 559.4 807.2 1114. 1390.

242 207.1 238.0 295.0 461.4 559.3 807.3 1113. 1389.

243 207.1 238.0 295.0 461.3 559.2 807.5 1113. 1389.

244 207.0 237.9 295.0 461.2 559.1 807.6 1113. 1389.

245 207.0 237.9 295.0 461.1 559.0 807.7 1112. 1388.

246 207.0 237.9 295.0 461.1 558.9 807.7 1112. 1388.

247 206.9 237.8 295.0 461.0 558.8 807.8 1112. 1388.

248 206.9 237.8 295.0 460.9 558.7 807.9 1112. 1387.

249 206.9 237.7 295.0 460.8 558.6 807.9 1111. 1387.

250 206,8 237.7 295.0 460.7 558.5 808.0 1111. 1387.
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Appendix D

Proton Data Tables

The Look Up Tables of this appendix list the energy dependence of the stopping power,

the csda-Rangc, the nuclear interaction probability, the square of the characteristic

scattering angle and the ratio (olA) up to 250 MeVfor constant energy steps of 1 MeV.

The reader is referred to Section 8.3.1 for details about the Tables, which are available for

the following compounds or mixtures:

• Air (Dry)

• Gadolinium Oxysulfide (Gd202S)

• Optical Cement BC-600

• Plexiglas (Lucite)

• Polyethylene

• Polystyrene

• Scintillating Mixture (P43+P20+BC-600)

• Water

• Zinc-Cadmium Sulfide (Zn,Cd)S

For each material listed above the Tables report some important physical

characteristics (the density p, the radiation length Xo and the mean ionization energy I)

and details about the elemental composition. The radiation lengths for the elemental

constituents were computed with Tsai (1974) formula (Eq. 8-15) and then they were used

to calculate Xo of each material with Eq. 8-21 (Bragg additivity).

The first set of Tables from page 168 to page 185 is based on the /-values proposed

by the ICRU report 49 (1993). For air, Plexiglas, Polyethylene, Polystyrene and water we

used experimental /-values. For Gd202S, BC-600, the scintillating mixture and (Zn,Cd)S

we applied the Bragg additivity rule for / (Eq. 8-19) using the schema of Table 8-1 for the

elemental constituents.

The second set of Tables from page 186 to page 203 is based on the /-values proposed

by Janni (1982). The Bragg additivity rule was used for all the material considered.
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Appendix D: Proton Data Tables

Based on

ICRU/-values

PROTONSIN AIR (DRY)

Density/) [g cm"3]:
Radiation length Xn [g cm"2]:
Mean ionisation energy / [cV]:

0.0012

36.616

85.7 (Experimental value)

COMPOSITION:

Element

Z

A

%by weight
/[eV]

C

6

12.0107

0.00012

70

N

7

14.0067

0.75527

82

15.9994

0.23178

97

Ar

18

39.948

0.01283

188

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVg" cm g cm"

aucs (alA)
10""

rad cm g"

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

2.227E+02

1.370E+02

1.017E+02

8.193E+01

6.906E+01

5.994E+01

5.312E+01

4.781E+01

4.355E+01

4.004E+01

3.711E+01

3.461E+01

3.246E+01

3.058E+01

2.892E+01

2.746E+01

2.615E+01

2.497E+01

2.390E-KH

2.293 E+0J

2.204E+01

2.123E+01

2.048E+01

1.979E+01

1.915E+01

1.855E+01

1.799E+01

1.747E+01

1.698E+01

1.653E+01

1.609E+01

1.569E+01

1.530E+01

1.494E+01

1.460E+01

1.427E+01

1.396E+01

1.367E+01

1.338E+01

1.312E+01

1.286E+01

1.261E+01

1.238E+01

1.216E+01

1.194E+01

1.173E+01

1.153E+01

1.134E+01

1.116E+01

1.098E+01

1.081E+01

1.065E+01

1.049E+01

1.033E+01

1.019E+01

2.718E-03

8.650E-03

1.723E-02

2.826E-02

4.161E-02

5.720E-02

7.496E-02

9.483E-02

1.168E-01

1.407E-01

1.667E-01

1.946E-01

2,245 E-01

2.562E-01

2.899E-01

3.254E-01

3.627E-01

4.019E-0)

4.428E-01

4.855E-01

5.300E-01

5.763E-01

6.242E-01

6.739E-01

7.253E-01

7.784E-01

8.331E-01

8.896E-01

9.476E-01

1.007E-M10

1.069E+00

1.132E+00

1.196E+00

1.262E+00

1.330E+00

1.399E+00

1.470E+00

1.543E+00

1.616E+00

1.692E+00

1.769E+00

1.847E+00

1.928E+00

2.009E+00

2.092E+00

2.177E+00

2.263E+00

2.350E+00

2.439E+00

2.529E+00

2.621E+00

2.714E+00

2.809E+00

2.905E+00

3.002E+00

O.OOOE+00

O.OOOE+00

0.000E+00

O.OOOE+00

0.000E+00

0.000E+00

4.953E-05

1.778E-04

3.679E-04

6.247E-04

9.509E-04

1.349E-03

1.820E-03

2.363E-03

2.974E-03

3.650E-03

4.387E-03

5.180E-03

6.025E-03

6.919E-03

7.858E-03

8.837E-03

9.853E-03

1.090E-02

1.198E-02

1.309E-02

1.422E-02

1.538E-02

1.655E-02

1.774E-02

1.895E-02

2.017E-02

2.141E-02

2.265E-02

2,391 E-02

2.518E-02

2.646E-02

2.775E-02

2.904E-02

3.035E-02

3.166E-02

3.298E-02

3.430E-02

3.563E-02

3.697E-02

3.831 E-02

3.965E-02

4.100E-02

4.235E-02

4.371 E-02

4.507E-02

4.644E-02

4.780E-02

4.918E-02

5.056E-02

5.6035E-03

7.9561E-03

9.4518E-03

1.0564E-02

1.1456E-02

1.2205 E-02

1.2852E-02

1.3424E-02

1.3936E-02

1.4401 E-02

1.4827E-02

1.5220E-02

1.5586E-02

1.5928E-02

1.6249E-02

1.6552E-02

1.6839E-02

1.7111 E-02

1.7371 E-02

1.7618E-02

1.7855E-02

1.8082E-02

1.8300E-02

1.8510E-02

1.8713E-02

1.8908E-02

1.9097E-02

1.9280E-02

1.9457E-02

1.9628E-02

1.9795E-02

1.9957E-02

2.0114E-02

2.0268E-02

2.0417E-02

2.0563E-02

2.0704E-02

2.0843E-02

2.0978E-02

2.1111E-02

2.1240E-02

2.1367E-02

2.1490E-02

2.1612E-02

2.1731E-02

2.1847E-02

2.1961E-02

2.2073E-02

2.2183E-02

2.2291 E-02

2.2397E-02

2.2501E-02

2.2604E-02

2.2704E-02

2.2803E-02

0.000

0.000

0.000

0.000

0.000

0.000

8.737

12.51

16.10

19.35

22.28

25.03

27.41

29.41

31.03

32.36

33.39

34.18

34.76

35.16

35.41

35.51

35.51

35.41

35.23

34.98

34.67

34.31

33.92

33.50

33.08

32.65

32.22

31.79

31.37

30.96

30.55

30.15

29.76

29.38

29.00

28.62

28.25

27.89

27.54

27.19

26.85

26.53

26.21

25.9)

25.62

25.34

25.08

24.82

24.56

56 1.004E+01 3.101E+00 5.194E-02 2.2901E-02 24.32

RGY STOPPING CSDA P^
2

UMCS (it/A)
POWER RANGE 10"27

üV MeVg"' cm
1

g em"2 rad2 7
cm g

57 9.904E+00 3.201E+00 5.332E-02 2.2996E-02 24.07

58 9.770E+00 3.303E+00 5.471E-02 2.3091E-02 23.83

59 9.640E+00 3.406E+00 5.610E-02 2.3183 E-02 23.60

60 9.514E+00 3.511E+00 5.749E-02 2.3275E-02 23.39

61 9.392E+00 3.616E+00 5.889E-02 2.3365E-02 23.18

62 9.274E+00 3.724E+00 6.029E-02 2.3453E-02 22.98

63 9.159E+00 3.832E+00 6.169E-02 2.3541E-02 22.79

64 9.047E+00 3.942E+00 6.310E-02 2.3627E-02 22.61

65 8.939E+00 4.053E+00 6.451 E-02 2.3712E-02 22.43

66 8.833E+00 4.166E+00 6.593E-02 2.3795E-02 22.26

67 8.731E+00 4.280E+00 6.735E-02 2.3878E-02 22.09

68 8.631E+00 4.395E+00 6.877E-02 2.3959E-02 21.92

69 8.534E+00 4.511E+00 7.020E-02 2.4040E-02 21.76

70 8.440E+00 4.629E-M10 7.163E-02 2.4119E-02 21.61

71 8.348E+00 4.748E+00 7.306E-02 2.4197E-02 21.47

72 8.258E+00 4.869E+00 7.450E-02 2.4274E-02 21.34

73 8.171E+00 4.990E+00 7.594E-02 2.4350E-02 21.21

74 8.086E+00 5.113E+00 7.739E-02 2.4426E-02 21.08

75 8.003E+00 5.238E+0O 7.884E-02 2.4500E-02 20.96

76 7.922E+00 5.363E+0O 8.030E-02 2.4574E-02 20.83

77 7.844E4 00 5.490E+00 8.175E-02 2.4646E-02 20.71

78 7.767E+00 5.618E+00 8.322E-02 2.4718E-02 20.60

79 7.691E+00 5.748E+00 8.468E-02 2.4789E-02 20.49

80 7.618E+00 5.878E+00 8.615E-02 2.4859E-02 20.38

81 7.546E+00 6.010E+00 8.763E-02 2.4928E-02 20.29

82 7.476E+00 6.143E+00 8.911 E-02 2.4996E-02 20.20

83 7.408E+00 6.278E+00 9.059E-02 2.5064E-02 20.11

84 7.341E+00 6.413E+00 9.208E-02 2.5131 E-02 20.03

85 7.275E+00 6.550E+00 9.358E-02 2.5197E-02 19.95

86 7.211E+00 6.688E+00 9.508E-02 2.5263E-02 19.86

87 7.148E+00 6.828E+00 9.658E-02 2.5328E-02 19.78

88 7.087E+00 6.968Ë+00 9.809E-02 2.5392E-02 19.70

89 7.027E+00 7.110E+00 9.960E-02 2.5455E-02 19.62

90 6.968E+00 7.253E+00 1.011 E-01 2.5518E-02 19.55

91 6.910E+00 7.397E+00 1.026E-01 2.5580E-02 19.49

92 6.854E+00 7.542E+00 1.042E-01 2.5641E-02 19.43

93 6.799E+00 7.689E+00 1.057E-01 2.5702E-02 19.37

94 6.745E+00 7.836E+00 1.072E-0I 2.5763E-02 19.32

95 6.691E+00 7.985E+00 1.088E-01 2.5822E-02 19.26

96 6.639E+00 8.135E+00 1.103E-01 2.5881E-02 19.21

97 6.588E+00 8.286E+00 1.119E-01 2.5940E-02 19.15

98 6.538E+00 8.439E+00 1.134E-01 2.5998E-02 19.10

99 6.489E+00 8.592E+00 1.150E-01 2.6055E-02 19.04

100 6.441E+00 8.747E+00 1.166E-01 2.6112E-02 18.99

101 6.393E+00 8.903E+00 1.181E-01 2.6168E-02 18.95

102 6.347E+00 9.060Ë+00 1.197E-01 2.6224E-02 18,90

103 6.301E+00 9.218E+00 1.213E-01 2.6280E-02 18.86

104 6.257E+00 9.377E+00 1.229E-01 2.6334E-02 18.82

105 6.213E+00 9.538E+00 1.245E-01 2.6389E-02 18.78

106 6.I70E+00 9.699E+00 1.261 E-01 2.6443E-02 18.75

107 6.127E+00 9.862E+00 1.277E-01 2.6496E-02 18.71

108 6.085E+00 1.003E+01 1.293E-01 2.6549E-02 18.68

109 6.045E+00 1.019E+01 1.309E-01 2.6601 E-02 18.65

110 6.004E+00 1.036E+01 1.325E-01 2.6653E-02 18.62

111 5.965E+00 1.052E+01 1.341E-01 2.6705E-02 18.59

112 5.926E+00 1.069E+01 1.358E-01 2.6756E-02 18.56
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PROTONSTN AIR (DRY)

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g"1 g cm"2

113 5.888E+00 1.086E+01

114 5.850E+00 1.103E+01

115 5.813E+00 1.120E+01

116 5.777E+00 1.138E+01

117 5.741E+00 1.155E+01

118 5.705E+00 1.172E+01

119 5.671 E+00 1.190E+01

120 5.637E+00 1.208E+01

121 5.603E+00 1.225E+01

122 5.570E+00 1.243E+01

123 5.537E+00 1.261E+01

124 5.505E+00 1.279E+01

125 5.474E+00 1.298E+01

126 5.443E+00 1.316E+01

127 5.412E+00 1.334E+01

128 5.382E+00 1.353E+01

129 5.352E+00 1.372E+01

130 5.323E+00 1.390E+01

131 5.294E+00 1.409E+01

132 5.265E+00 1.428E+01

133 5.237E+00 1.447E+01

134 5.210E+00 1.466E+01

135 5.183E+00 1.486E+01

136 5.156E+00 1.505E+01

137 5.129E+00 1.524E+01

138 5.103E+00 1.544E+01

139 5.077E+00 1.564E+01

140 5.052E+00 1.583E+01

141 5.027E+00 1.603E+01

142 5.002E+00 1.623E+01

143 4.977E+00 1.643 E+01

144 4.953E+00 1.663E+01

145 4.930E+00 1.683E+01

146 4.906E+00 1.704E+01

147 4.883E+00 1.724E+01

148 4.860E+00 1.745E+01

149 4.837E+00 1.765E+01

150 4.815E+00 1.786E+01

151 4.793E+00 1.807E+01

152 4.771E+00 1.828E+01

153 4.750E+00 1.849E+01

154 4.729E+00 1.870E+01

155 4.708E+00 1.891E+01

156 4.687E+00 1.912E+01

157 4.667E+00 1.934EHH

158 4.646E+00 1.955E+01

159 4.626E+00 1.977E+01

160 4.607E+00 1.999E+01

161 4.587E+00 2.020E+01

162 4.568E+00 2.042E+01

163 4.549E+00 2.064E+01

164 4.530E+00 2.086E-KH

165 4.512E+00 2.108E+01

166 4.493E+00 2.130E+01

167 4.475E+00 2.153E+01

168 4.457E+00 2.175E+01

169 4.440E+00 2.198E+01

170 4.422E+00 2.220E+01

171 4.405E+00 2.243E+01

172 4.387E+00 2.266E+01

173 4.371E+00 2.288E+01

174 4.354E+00 2.311E+01

175 4.337E+00 2.334E+01

176 4.321E+00 2.357E+01

177 4.305E+00 2.381E+01

178 4.289E+00 2.404E+01

179 4.273E+00 2.427E+01

180 4.257E+00 2.451E+01

181 4.241E+00 2.474E+01

182 4.226E+00 2.498E+01

183 4.211E+00 2.522E+01

P Viics (da)
10"27

rad2 cm2 g"1

1.374E-01 2.6807E-02 18.53

1.390E-Û1 2.6857E-02 18.50

1.407E-01 2.6907E-02 18.47

1.423E-01 2.6956E-02 18.44

1.440E-01 2.7005E-02 18.41

1.456E-01 2.7054E-02 18.38

1.473E-01 2.7102E-02 18.35

1.490E-01 2.7150E-02 18.33

1.506E-01 2.7197E-02 18.30

1.523E-01 2.7245E-02 18.28

1.540E-01 2.7291E-02 18.26

1.557E-01 2.7338E-02 18.24

1.573E-01 2.7384E-02 18.22

1.590E-01 2.7430E-02 18.19

1.607E-01 2.7475E-02 18.17

1.624E-01 2.7520E-02 18.15

1.641E-01 2.7565E-02 18.14

1.658E-01 2.7609E-02 18.12

1.676E-01 2.7653 E-02 18.10

1.693E-01 2.7697E-02 18.08

1.710E-01 2.7740E-02 18.06

1.727E-01 2.7783E-02 18.04

1.744E-01 2.7826E-02 18.03

1.762E-01 2.7869E-02 18.01

1.779E-01 2.7911 E-02 18.00

1.796E-01 2.7953E-02 17.98

1.814E-01 2.7994E-02 17.96

1.831E-01 2.8036E-02 17.95

1.849E-01 2.8077E-02 17.93

1.866E-01 2.8117E-02 17.92

1.884E-01 2.8158E-02 17.91

1.902E-01 2.8198E-02 17.89

1.919E-01 2.8238E-02 17.88

1.937E-01 2.8278E-02 17.87

1.955E-01 2.8317E-02 17.85

1.972E-01 2.8356E-02 17.84

1.990E-01 2.8395E-02 17.83

2.008E-01 2.8434E-02 17.82

2.026E-01 2.8472E-02 17.80

2.044E-01 2.8511E-02 17.79

2.061E-01 2.8549E-02 17.78

2.079E-01 2.8586E-02 17.77

2.097E-01 2.8624E-02 17.76

2.115E-01 2.8661E-02 17.75

2.133E-01 2.8698E-02 17.74

2.151E-01 2.8735E-02 17.73

2.169E-01 2.8771E-02 17.72

2.187E-01 2.8808E-02 17.71

2.206E-01 2.8844E-02 17.70

2.224E-01 2.8880E-02 17.69

2.242E-01 2.8915E-02 17.68

2.260E-01 2.8951E-02 17.67

2.278E-01 2.8986E-02 17.66

2.296E-01 2.9021E-02 17.65

2.315E-01 2.9056E-02 17.65

2.333E-01 2.9091 E-02 17.64

2.351E-01 2.9125E-02 17.63

2.370E-01 2.9159E-02 17.62

2.388E-01 2.9194E-02 17.61

2.406E-01 2.9227E-02 17.60

2.425 E-01 2.9261 E-02 17.60

2.443E-01 2.9295E-02 17.59

2.461E-01 2.9328E-02 17.58

2.480E-01 2.9361E-02 17.58

2.498E-01 2.9394E-02 17.57

2.517E-01 2.9427E-02 17.56

2.535E-01 2.9459E-02 17.55

2.554E-01 2.9492E-02 17.55

2.572E-01 2.9524E-02 17.54

2.591E-01 2.9556E-02 17.53

2.609E-01 2.9588E-02 17.53

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g"1 g cm"2

184 4.196E+00 2.545E+01

185 4.181E+00 2.569E+01

186 4.166E+00 2.593E+01

187 4.152E+00 2.617E+01

188 4.137E+00 2.641E+01

189 4.123E+00 2.666E+01

190 4.109E+00 2.690E+01

191 4.095E+00 2.714E+01

192 4.081 E+00 2.739E+01

193 4.067E+00 2.763E+01

194 4.053E+00 2.788E+01

195 4.040E+00 2.813E+01

196 4.027E+00 2.837E+01

197 4.013E+00 2.862E+01

198 4.000E+00 2.887E+01

199 3.987E400 2.912E+01

200 3.975E+00 2.937E+01

201 3.962E+00 2.963E+01

202 3.949E+00 2.988E+01

203 3.937E+00 3.013E+01

204 3.925E+00 3.039E+01

205 3.912E+00 3.064E+01

206 3.900E+00 3.090E+01

207 3.888E+00 3.115E+01

208 3.876E+00 3.141E+01

209 3.865 E+00 3.167E+01

210 3.853E+00 3.193E+01

211 3.842E+00 3.219E+01

212 3.830E+00 3.245E+01

213 3.819E+00 3.27IE+01

214 3.808E+00 3.297E+01

215 3.796E+00 3.324E+01

216 3.785E+00 3.350E+01

217 3.774E+00 3.377E+01
218 3.764E+00 3.403E+01

219 3.753E+00 3.430E+01

220 3.742E+00 3.456E+01

221 3.732E+00 3.483E+01

222 3.721 E+00 3.510E+01

223 3.711 E+00 3.537E+01

224 3.701E+00 3.564E+01

225 3.690E+00 3.591E+01

226 3.680E+00 3.618E+01

227 3.670E+00 3.645E+01

228 3.660EKK) 3.673E+01

229 3.650E+00 3.700E+01

230 3.641E+00 3.727E+01

231 3.631E+00 3.755E+01

232 3.621 E+00 3.782E+01

233 3.612E+00 3.810E+01

234 3.603E+00 3.838E+01

235 3.593 E+00 3.866E+01

236 3.584E+00 3.893E+01

237 3.575E+00 3.921E+01

238 3.566E+00 3.949E+01

239 3.557E+00 3.977E+01

240 3.548EM)() 4.006E+01

241 3.539E+00 4.034E+01

242 3.530E+00 4.062E+01

243 3,521 E+00 4.091 E+01

244 3.512E+00 4.119Ë+01

245 3.504E+00 4.147E+01

246 3.495E+00 4.176E+01

247 3.487E+00 4.205E+01

248 3.478E+00 4.233E+01

249 3.470E+00 4.262E+01

250 3.462E+00 4.291 E+01

10""

rad2 cm2 g"1

2.628E-01 2.9620E-02 17.52

2.646E-01 2.9651E-02 17.52

2.665E-01 2.9683E-02 17.51

2.683E-01 2.9714E-02 17.50

2.702E-01 2.9745E-02 17.50

2.721E-01 2.9776E-02 17.49

2.739E-01 2.9806E-02 17.49

2.758E-01 2.9837E-02 17.48

2.776E-01 2.9867E-02 17.48

2.795E-01 2.9898E-02 17.47

2.814E-01 2.9928E-02 17.46

2.832E-01 2.9958E-02 17.46

2.851E-01 2.9988E-02 17.45

2.870E-01 3.0017E-02 17.45

2.888E-01 3.0047E-02 17.44

2.907E-01 3.0076E-02 17.44

2.926E-01 3.0105E-02 17.44

2.944E-01 3.0134E-02 17.43

2.963E-01 3.0163E-02 17.43

2.982E-01 3.0192E-02 17.42

3.001E-01 3.0221E-02 17.42

3.019E-01 3.0249E-02 17.41

3.038E-01 3.0278E-02 17.41

3.057E-01 3.0306E-02 17.40

3.075E-01 3.0334E-02 17.40

3.094E-01 3.0362E-02 17.40

3.113E-01 3.0390E-02 17.39

3.132E-01 3.0418E-02 17.39

3.150E-O1 3.0445E-02 17.38

3.169E-01 3.0473E-02 17.38

3.188E-01 3.0500E-02 17.38

3.206E-01 3.0527E-02 17.37

3.225E-01 3.0554E-02 17.37

3.244E-01 3.0581E-02 17.36

3.263E-01 3.0608E-02 17.36

3.281E-01 3.0635E-02 17.36

3.300E-01 3.0661E-02 17.35

3.319E-01 3.0688E-02 17.35

3.338E-01 3.0714E-02 17.35

3.356E-01 3.0740E-02 17.34

3.375E-01 3.0767E-02 17.34

3.394E-01 3.0793E-02 17.34

3.412E-01 3.0818E-02 17.33

3.431E-01 3.0844E-02 17.33

3.450E-01 3.0870E-02 17.33

3.468E-01 3.0895E-02 17.32

3.487E-01 3.0921 E-02 17.32

3.506E-01 3.0946E-02 17.32

3.524E-01 3.0971E-02 17.32

3.543E-01 3.0997E-02 17.31

3.562E-01 3.1022E-02 17.31

3.580E-01 3.1046E-02 17.31

3.599E-01 3.1071 E-02 17.30

3.618E-01 3.1096E-02 17.30

3.636E-01 3.1121E-02 17.30

3.655E-01 3.1145E-02 17.30

3.673E-01 3.1169E-02 17.29

3.692E-01 3.1194E-02 17.29

3.710E-01 3.1218E-02 17.29

3.729E-01 3.1242E-02 17.29

3.748E-01 3.1266E-02 17.28

3.766E-01 3.1290E-02 17.28

3.785E-01 3.1314E-02 17.28

3.803E-01 3.1337E-02 17.28

3.822E-01 3.1361E-02 17.27

3.840E-01 3.1384E-02 17.27

3.858E-01 3.1408E-02 17.27
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Appendix D: Proton Data Tables

Based on

ICRU/-values

PROTONSIN GADOLINIUMOXYSULK1DE(GdjOzS)

Density/) [g ein'3):
Radiation length Xq [g cm"2]:
Mean ionisation energy / [eV]:

7.50

8,487

493.3 (Bragg additivity)

COMPOSITION:

Element

Z

A

%by weight
/[eV]

15.9994

0.08453

106

S

16

32.066

0.0847

203

Gd

64 1

57.25

0.83077

668

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVg"1 cm2 g cm"2

Punt i"lA)
•10-"

rad2 cm2 g"1

8.802E+01

6.160E+01

4.873E+01

4.084E+01

3.543E+01

3.145E+01

2.837E+01

8 2.591E+01

9 2.390E+01

10 2.222E+01

11

12

15

16

17

18

19

20

21

22

23

24

2.079E+01

1.955E+01

13 1.847E+01

14 1.752E+01

1.667E+01

1.592E+01

1.523E+01

1.461 E+01

1.405E+01

1.354E+01

1.306E+01

1.263E+01

1.222E+01

1.184E+01

25 1.149E+01

26 1.117E+01

27 1.086E+01

28 1.057E+01

29 1.030E+01

30 1.005E+01

31 9.807E+00

32 9.580E+0O

33 9.364E+00

34 9.160E+00

35 8.965E+00

36 8.780E+00

37 8.604E+00

38 8.436E+00

39 8.275E+00

40 8.122E+00

41 7.975E+00

42 7.834E+00

43 7.699E+00

44 7.569E+00

45 7.445E+00

46 7.325E+00

47 7.209E+00

48 7.098E+00

49 6.991 E+00

50 6.888E+00

51 6.788E+00

52 6.692E+00

53 6.599E+00

54 6.509E+00

55 6.421E+00

7.997E-03

2.188E-02

4.029E-02

6.282E-02

8.919E-02

1.192E-01

1.528E-01

1.897E-01

2.299E-01

2.733E-01

3.199E-01

3.695E-01

4.222E-01

4.778E-01

5.363E-01

5.977E-01

6.620E-01

7.290E-01

7.988E-01

8.713E-01

9.466E-01

1.024E+00

1.105E+00

1.188E+00

1.274E+00

1.362E+00

1.453E+00

1.546E+00

1.642E+00

1.740E+00

1.841E+00

1.944E+00

2.050E+00

2.158E+00

2.268E+00

2.3 81 E+00

2.496E+00

2.613E+00

2.733E+00

2.855E+00

2.979E+00

3.106E+00

3.235E+00

3.366E+00

3.499E+00

3.634E+00

3.772E+00

3.912E+00

4.054E+00

4.198E+00

4.344E+00

4.492E+00

4.643E+00

4.795E-I0O

4.950E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.O00E+O0

0.000E+00

3.672E-05

1.290E-04

2.603E-04

4.315E-04

6.425 E-04

8.944E-04

1.188E-03

1.521E-03

1.894E-03

2.304E-03

2.751E-03

3.233E-03

3.748E-03

4.296 E-03

4.873E-03

5.480E-03

6.114E-03

6.774E-03

7.459E-03

8.167E-03

8.897E-03

9.648E-03

1.042E-02

1.121E-02

1.201 E-02

1.284E-02

1.3 67 E-02

1.453E-02

1.540E-02

1.629E-02

1.719E-02

1.810Ë-02

1.903E-02

1.997E-02

2.093 E-02

2.190E-02

2.288E-02

2.387E-02

2.487E-02

2.588E-02

2.691 E-02

2.794E-02

2.899E-02

3.004E-02

3.111E-02

3.218E-02

3.326E-02

3.436E-02

3.546E-02

9.4267E-02

1.2448E-01

1.4227E-01

1.5502E-01

1.6501 E-01

1.7326E-01

1.8030E-01

1.8646E-01

1.9194E-01

1.9688E-01

2.0137E-01

2.0551E-01

2.0934E-01

2.1290E-01

2.1624E-01

2.1938E-01

2.2235E-01

2.2515E-01

2.2782E-01

2.3036E-01

2.3279E-01

2.3511E-01

2.3734E-01

2.3948E-01

2.4154E-01

2.4353E-01

2.4544E-01

2.4729E-01

2.4909E-01

2.5082E-01

2.5250E-01

2.5414E-01

2.5573E-01

2.5727E-01

2.5877E-01

2.6023E-01

2.6166E-01

2.6305E-01

2.6441E-01

2.6573E-0I

2.6703 E-01

2.6830E-01

2.6953E-01

2.7075E-01

2.7193E-01

2.7310E-01

2.7423E-01

2.7535E-01

2.7645E-01

2.7752E-01

2.7858E-01

2.7961 E-01

2.8063E-01

2.8163E-01

2.8261E-01

0.000

0.000

0.000

0.000

0.000

0.000

3.457

4.789

6.004

7,056

7.983

8.859

9.629

10.29

10.86

11.36

11.78

12.14

12.45

12.70

12.91

13.08

13.22

13.32

13.39

13.44

13.47

13.48

13.47

13.45

13.43

13.39

13.36

13.32

13.28

13.24

13.19

13.15

13.10

13.05

13.00

12.95

12.89

12.83

12.78

12.72

12.66

12.60

12.55

12.49

12.44

12.39

12.34

12.29

12.24

56 6.337E+00 5.107E+00 3.657E-02 2.8358E-01 12.19

RGY STOPPING CSDA P»,r
2

"MCI (a/A)

POWER RANGE 10"27

jV MeVg"1 em
-2

gem rad2 ?. -1
cm g

57 6.255E+00 5.266E+00 3.769E-02 2.8453E-01 12.14

58 6.176E+00 5.427E+00 3.882E-02 2.8547E-01 12.09

59 6.099E+00 5.590E+00 3.996E-02 2.8639E-01 12.04

60 6.025E+00 5.755E+00 4.110E-02 2.8729E-01 11.99

61 5.952E+00 5.922E+00 4.226E-02 2.8818E-01 11.94

62 5.882E+00 6.091E+00 4.342E-02 2.8906E-01 11.90

63 5.814E+00 6.262E+00 4.459E-02 2.8992E-01 11.86

64 5.747E+00 6.435E+00 4.577E-02 2.9078E-01 11.82

65 5.683E+00 6.610E+00 4.695E-02 2.9162E-01 11.78

66 5.620E+00 6.786E+00 4.815E-02 2.9244E-01 11.74

67 5.559E+00 6.965E+00 4.935E-02 2.9326E-01 11.70

68 5.499E+00 7.146E+00 5.056E-02 2.9406E-01 11.66

69 5,441 E+00 7.329E+00 5.177E-02 2.9486E-01 11.62

70 5.385E+00 7.514E+00 5.300E-02 2.9564E-01 11.58

71 5.330E+00 7.700E+00 5.423E-02 2.9641E-01 11.55

72 5.276E+00 7.889E+00 5.547E-02 2.9717E-01 11.52

73 5.224E+00 8.080E+00 5.671 E-02 2.9793E-01 11.48

74 5.173E+00 8.272E+00 5.797E-02 2.9867E-01 11.45

75 5.123E+00 8.466E+00 5.923E-02 2.9940E-01 11.42

76 5.074E+00 8.662E+00 6.049E-02 3.0013E-01 11.39

77 5.027 E+00 8.860E+00 6.177E-02 3.0084E-01 11.36

78 4.980E+00 9.060E+00 6.305E-02 3.0155E-01 11.33

79 4.935E+00 9.262E+00 6.433E-02 3.0225E-01 11.30

80 4.891 E+00 9.465E+00 6.563E-02 3.0294E-01 11.27

81 4.847E+00 9.671E+00 6.693E-02 3.0362E-01 11.24

82 4.805E4 00 9.878E+00 6.824E-02 3.0429E-01 11.22

83 4.763E+00 1.009E+01 6.955E-02 3.0496E-01 11.20

84 4.723E+00 1.030E+01 7.087E-02 3.0561E-01 11.18

85 4.683E+00 1.051 E+01 7.220E-02 3.0627E-01 11.15

86 4.644E+00 1.072E+01 7.353E-02 3.0691E-01 11.13

87 4.606E+00 1.094E+01 7.488E-02 3.0755E-01 11.11

88 4.569E+00 1.116E+01 7.622E-02 3.0818E-01 11.09

89 4.532E+00 1.138E+01 7.758E-02 3.0880E-01 11.06

90 4.497E+00 1.160E+01 7.894E-02 3.0941E-01 11.04

91 4.461E+00 1.182E+01 8.030E-02 3.1002E-01 11.02

92 4.427E+00 1.205E+01 8.167E-02 3.1063E-01 11.01

93 4.393E+00 1.228E+01 8.305E-02 3.1123E-01 10.99

94 4.360E+00 1.250E+01 8.444E-02 3.1182E-01 10.97

95 4.328E+00 1.273 E+01 8.583E-02 3.1240E-01 10.96

96 4.296E+00 1.297E+01 8.723 E-02 3.1298E-01 10.94

97 4.265E+00 1.320E+01 8.863E-02 3.1355E-01 10.92

98 4.234E+00 1.344E+01 9.004E-02 3.1412E-01 10.91

99 4.204E+00 1.367E+01 9.146E-02 3.1469E-01 10.89

100 4.175E+00 1.391E+01 9.288E-02 3.1524E-01 10.88

101 4.146E+00 1.415E+01 9.430E-02 3.1579E-01 10.86

102 4.117E+00 1.439E+01 9.573E-02 3.1634E-01 10.85

103 4.089E+00 1.464E+01 9.717E-02 3.1688E-01 10.83

104 4.062E+00 1.488E+01 9.862E-02 3.1742E-01 10.82

105 4.035 E+00 1.513E+01 1.001 E-01 3.1795E-01 10.81

106 4.008E+00 1.538E+01 1.015E-01 3.1848E-01 10.80

107 3.982E+00 1.563 E+01 1.030E-01 3.1900E-01 10.79

108 3.957E+00 1.588E+01 1.044 E-01 3.1952E-01 10.78

109 3.931 E+00 1.613E+01 1.059E-01 3.2003E-01 10.76

110 3.907E+00 1.639E+01 1.074E-01 3.2054E-01 10.75

111 3.8S2E+00 1.665E+01 1.089E-01 3.2104E-01 10.74

112 3.858E+00 1.690E+01 1.104E-01 3.2154E-01 10.73
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PROTONSIN GADOLINIUMOXYSULFIDE(Gd202S)

ENERGYSTOPPING CSDA /•,
i

"Ml'l (a/A) ENERGYSTOPPING CSDA
'mic

_2
(aIA)

POWER RANGE 10" POWER RANGE 10"27

MeV MeVcm2 g"
-2

gem rad2 cm2g' MeV MeVcm2 g" gem"2 rad2 cm g"

113 3.835E+00 1.716 E+01 1.U9E-01 3.2204E-01 10.72 184 2.781E+00 3.934E+01 2.276E-01 3.4939E-01 10.28

114 3.812E+00 1.743E+01 1.134E-01 3.2253E-01 10.71 185 2.771 E+00 3.970E+01 2.293E-01 3.4970E-01 10.27

115 3.789E+00 1.769E+01 1.149E-01 3.2301E-01 10.70 186 2.762E+00 4.006Ë+01 2.310E-01 3.5000E-01 10.27

116 3.766E+00 1.795E+01 1.164E-01 3.2350E-01 10.69 187 2.753E+00 4.043E+01 2.328E-01 3.5031E-01 10.27

117 3.744E+00 1.822 E+01 1.179E-01 3.2398E-01 10.68 188 2.744E+00 4.079E+01 2.345E-01 3.5061 E-01 10.26

118 3.722E+00 1.849E+01 1.194E-01 3.2445E-01 10.67 189 2.735E+00 4.116E+01 2.362E-01 3.5090E-01 10.26

119 3.701E+00 1.876E+01 1.209E-01 3.2492E-01 10.66 190 2.726E+00 4.152E+01 2.379E-01 3.5120E-01 10.25

120 3.680E+00 1.903E+01 1.225E-01 3.2539E-01 10.65 191 2.717E+00 4.189E+01 2.397E-01 3.5150E-01 10.25

121 3.659E+00 1.930E+01 1.240E-01 3.2585E-01 10.64 192 2.708E+00 4.226E+01 2.414E-01 3.5179E-01 10.25

122 3.639E+00 1.957E+01 1.255E-01 3.2631E-01 10.63 193 2.700E+00 4.263E+01 2.431 E-01 3.5209E-01 10.24

123 3.619E+00 1.985E+01 1.271 E-01 3.2677E-01 10.62 194 2.691E+00 4.300E+01 2.449E-01 3.5238E-01 10.24

124 3.599E+00 2.013 E+01 1.286E-01 3.2722E-01 10.62 195 2.682E+00 4.337E+01 2.466E-01 3.5267E-01 10.24

125 3.579E+00 2.041E+01 1.302 E-01 3.2767E-01 10.61 196 2.674E+00 4.374E+01 2.483E-01 3.5295E-01 10.23

126 3.560E+00 2.069E+01 1.317E-01 3.2812E-01 10.60 197 2.666E+00 4.412E+01 2.501 E-01 3.5324E-01 10.23

127 3.541E+00 2.097E+01 1.333E-01 3.2856E-01 10.59 198 2.658E+00 4.449E+01 2.518E-01 3.5353E-01 10.23

128 3.522E+00 2.125E+01 1.348E-01 3.2900E-01 10.58 199 2.649E+00 4.487E+01 2.535E-01 3.5381E-01 10.23

129 3.504E+00 2.154E+01 1.364E-01 3.2943E-01 10.57 200 2.641E+00 4.525E+01 2.553E-01 3.5409E-01 10.22

130 3.486E+00 2.182E+01 1.380E-01 3.2987E-01 10.57 201 2.633E+00 4.563E+01 2.570E-01 3.5437E-01 10.22

131 3.468E+00 2.211E+01 1.396E-01 3.3029E-01 10.56 202 2.625E+00 4.601E+01 2.587E-01 3.5465 E-01 10.22

132 3.450E+00 2.240E+01 1.411E-01 3.3072E-01 10.55 203 2.617E+00 4.639E+01 2.605E-01 3.5493E-01 10.21

133 3.432E+00 2.269E+01 1.427E-01 3.3114E-01 10.54 204 2.610E+00 4.677E+01 2.622E-01 3.5521E-01 10.21

134 3.415E+00 2.298E+01 1.443E-01 3.3156E-01 10.54 205 2.602E+00 4.716E+01 2.640E-01 3.5549E-01 10.21

135 3.398E+00 2.327E+01 1.459E-01 3.3198E-01 10.53 206 2.594E+00 4.754E+01 2.657E-01 3.5576E-01 10.20

136 3.382E+00 2.357E+01 1.475E-01 3.3239E-01 10.52 207 2.587E+00 4.793E+01 2.674E-01 3.5603E-01 10.20

137 3.365E+00 2.387E+01 1.491 E-01 3.3280E-01 10.52 208 2.579E+00 4.832E+01 2.692E-01 3.5630E-01 10.20

138 3.349E+00 2.416E+01 1.507 E-01 3.3321E-01 10.51 209 2.572E+00 4.870E+01 2.709E-01 3.5657E-01 10.20

139 3.333E+00 2.446E+01 1.523E-01 3.3362E-01 10.50 210 2.564E+00 4.909E+01 2.727E-01 3.5684E-01 10.19

140 3.317E+00 2.476E+01 1.539E-01 3.3402E-01 10.50 211 2.557E+00 4.948E+01 2.744E-01 3.5711E-01 10.19

141 3.301E+00 2.507E+01 1.555E-01 3.3442E-01 10.49 212 2.550E+00 4.987E+01 2.761E-01 3.5738E-01 10.19

142 3.286E+00 2.537E+01 1.572E-01 3.3482E-01 10.48 213 2.543E+00 5.027E+01 2.779E-01 3.5764E-01 10.18

143 3.271E+00 2.567E+01 1.5KXE-01 3,3521 E-01 10.48 214 2.536E+00 5.066E+01 2.796E-01 3.5791E-01 10.18

144 3.256E+00 2.598E+01 1.604E-01 3.3560E-01 10.47 215 2.52XE+00 5.106E+01 2.814E-01 3.5817E-01 10.18

145 3.241E+00 2.629E+01 1.620E-01 3.3599E-01 10.46 216 2.521 E+00 5.145E+01 2.831 E-01 3.5843E-01 10.18

146 3.226E+00 2.660E+01 1.637E-01 3.3638E-01 10.46 217 2.515E+00 5.185E+01 2.849E-01 3.5869E-01 10.17

147 3.212E+00 2.691E+01 1.653E-01 3.3676E-01 10.45 218 2.508E+00 5.225E+01 2.866E-01 3.5895E-01 10.17

148 3.197E+00 2.722E+01 1.669E-01 3.3714E-01 10.45 219 2.501 E+00 5.265E+01 2.883E-01 3.5921 E-01 10.17

149 3.183E+00 2.753E+01 1.686E-01 3.3752E-01 10,44 220 2.494E+00 5.305E+01 2.901 E-01 3.5946E-01 10.17

150 3.169E+00 2.785E+01 1.702E-01 3.3789E-01 10,43 221 2.487E+00 5.345E+01 2.918 E-01 3.5972E-01 10.16

151 3.156E+00 2.817E+01 1.719E-01 3.3827E-01 10.43 222 2.481E+00 5.385E+01 2.936E-01 3.5997E-01 10.16

152 3.142E+00 2.848E+01 1.735E-01 3.3864E-01 10.42 223 2.474E+00 5.426E+01 2.953E-01 3.6023E-01 10.16

153 3.128E+00 2.880E+01 1.752E-01 3.3901E-01 10.42 224 2.468E+00 5.466E+01 2.971E-01 3.6048E-01 10.16

154 3.115E+00 2.912E+01 1.768E-01 3.3937E-01 10.41 225 2.461E+00 5.507E+01 2.988E-01 3.6073E-01 10.15

155 3.102 E+00 2.944E+01 1.785E-01 3.3974E-01 10.41 226 2.455E+00 5.547E+01 3.005E-01 3.6098E-01 10.15

156 3.089E+00 2.977E+01 1.802E-01 3.4010E-01 10.40 227 2.449E+00 5.588E+01 3.023E-01 3.6123E-01 10.15

157 3.076E+00 3.009E+01 1.818E-01 3.4046E-01 10.40 228 2.442E+00 5.629E+01 3.040E-01 3.6148E-01 10.15

158 3.064E+00 3.042E+01 1.835E-01 3.4082E-01 10.39 229 2.436E+00 5.670E+01 3.058E-01 3.6172E-01 10.14

159 3.O51E+O0 3.074E+01 1.852E-01 3.4117E-01 10.39 230 2.430E+00 5.711 E+01 3.075E-01 3.6197E-01 10.14

160 3.039E+00 3.107E+01 1.868E-01 3.4152E-01 10.38 231 2.424E+00 5.752E+01 3.093E-01 3.6221E-01 10.14

161 3.027E+00 3.140E+01 1.885E-01 3.4187E-01 10.38 232 2.418E+00 5.794E+01 3.110E-01 3.6246E-01 10.14

162 3.015E+00 3.173E+01 1.902E-01 3.4222E-01 10.37 233 2.412E+00 5.835E+01 3.127E-01 3.6270E-01 10.13

163 3.003E+00 3.207E+01 1.919E-01 3.4257E-01 10.37 234 2.406E+00 5.876E+01 3.145E-01 3.6294E-01 10.13

164 2.991E+00 3.240E+01 1.935E-01 3.4291E-01 10.36 235 2.400E+00 5.918E+01 3.162E-01 3.6318E-01 10.13

165 2.979E+00 3.273E+01 1.952E-01 3.4325E-01 10.36 236 2.394E+00 5.960E+01 3.179E-01 3.6342E-01 10.13

166 2.968E+00 3.307E+01 1.969E-01 3.43 60 E-01 10.35 237 2.388E+00 6.002E+01 3.197E-01 3.6366E-01 10.13

167 2.956E+00 3.341E+01 1.986E-01 3.4393E-01 10.35 238 2.382E+00 6.044E+01 3.214E-01 3.6389E-01 10.12

168 2.945E+00 3.375E+01 2.003E-01 3.4427E-01 10.34 239 2.376E+00 6.086E+01 3.232E-01 3.6413E-01 10.12

169 2.934E+00 3.409E+01 2.020E-01 3.4460E-01 10.34 240 2.371E+00 6.128E+01 3.249E-01 3.6436E-01 10.12

170 2.923E+00 3.443E+01 2.037E-01 3.4494E-01 10.33 241 2.365E+00 6.170 E+01 3.266E-01 3.6460E-01 10.12

171 2.912E+00 3.477E+01 2.054E-01 3.4527E-01 10.33 242 2.359E+00 6.212E+01 3.284E-01 3.6483E-01 10.12

172 2.901E+00 3.512E+01 2.071E-01 3.4559E-01 10.32 243 2.354E+00 6.255E+01 3.301E-01 3.6506E-01 10.11

173 2.891E+00 3.546E+01 2.088E-01 3.4592E-01 10.32 244 2.348E+0O 6.297E+01 3.318E-01 3.6529E-01 10.11

174 2.880E+00 3.581E+01 2.105E-01 3.4625E-01 10.32 245 2.343E+00 6.340E+01 3.336E-01 3.6552E-01 10.11

175 2.870E+00 3.616E+01 2.122E-01 3.4657E-01 10.31 246 2.337E+00 6.383E+01 3.353E-01 3.6575E-01 10.11

176 2.859E+00 3.650E+01 2.139E-01 3.4689E-01 10.31 247 2.332E+00 6.425E+01 3.370E-01 3.6598E-01 10,11

177 2.849E+00 3.686E+01 2.156E-01 3.4721 E-01 10.30 248 2.327E+00 6.468E+01 3.388E-01 3.6621E-01 10.10

178 2.839E+00 3.721E+01 2.173E-01 3.4753E-01 10.30 249 2.321E+00 6.511E+01 3.405E-01 3.6644E-01 10.10

179 2.829E+00 3.756E+01 2.190E-01 3.4784E-01 10.30 250 2.316E+00 6.555E+01 3.422E-01 3.6666E-01 10.10

180 2.819E+00 3.791E+01 2.207E-01 3.4816E-01 10.29

181 2.809E+00 3.827E+01 2.224E-01 3.4847E-01 10.29

182 2.800E+00 3.863E+01 2.242E-01 3.4878E-01 10.28

183 2.790E+00 3.898E+01 2.259E-01 3.4909 E-01 10.28
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Appendix D: Proton Data Tables

Based on

ICRU/-values

PROTONSIN OPTICAL CEMENTBC-600

Densityp [g em']:
Radiation length^ [g cm"2]:
Mean ionisation energy / [eV]:

1.18

41.722

68.8 (Bragg additivity)

COMPOSITION:

Element

Z

A

%by weight

/[eV]

H

1

1.0079

0.0789

19.2

C

6

12.0107

0.70862

81

N

7

14.0067

0.02971

82

O

8

15.9994

0.18277

106

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVg"' cm2 g cm'2

&Mcs (°/A) ENERGYSTOPPING CSDA

10"27 POWER RANGE

rad2 cm2 g
'

MeV MeVg"1 cm2 g cm'2

<TM(,S (a/A)
10"

rad2 cm2 g"'

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

2.581E+02

1.572E+02

1.16OE+02

9.306E+01

7.820E+01

6.773E+01

5.993E+01

5.386E+01

4.901E+01

4.502E+01

4.168 E+01

3.885E+01

3.640E+01

3.428E+01

3.241E+01

3.075E+01

2.927E+01

2.794E+01

2.673E+01

2.564E+01

2.464E+01

2.372E+01

2.288E+01

2.210E+01

2.138E+01

2.071 E+01

2.008E+01

1.950E+01

1.895E+01

1.843E+01

1.795E+01

1 749E+01

1.706E+01

1.666E+01

1.627E+01

1.590E+01

1.556E+01

1.522E+01

1.491E+01

1.461 E+01

1.432E+01

1.405E+01

1.378E+01

1.353E+01

1.329E+01

1.306E+01

1.284E+01

1.262E+01

1.242E+01

1.222E+01

1.203E+01

1.184E+01

1.167E+01

1.150E+01

1.133E+01

2.321E-03

7.469E-03

1.497E-02

2.467E-02

3.644Ë-02

5.022E-02

6.595E-02

8.358E-02

1.031 E-01

1.244E-01

1.475 E-01

1.724E-01

1.990E-01

2.273E-01

2.573E-01

2.890E-01

3.223E-01

3.573 E-01

3.939E-01

4.321E-01

4.719E-01

5.133E-01

5.562E-01

6.007E-01

6.467E-01

6.943E-01

7.433E-01

7.939E-01

8.459E-01

8.994E-01

9.544E-01

1 011E+00

1.069E+00

1.128E+00

1.189E+00

1.251 E+00

1.315E+00

1.380E+00

1.446E+00

1.514E+00

1.583E+00

1.653E+00

1.725E+00

1.798E+00

1.873E+00

1.949 E+00

2.026E+00

2.105E+00

2.185E+00

2.266E+00

2.348E+00

2.432E+00

2.517E+00

2.603E+00

2.691E+00

O.OOOE+00

0.000E+00

O.OOOE+00

O.0O0E+00

0.000E+00

O.OOOE+00

3.308E-05

1.194E-04

2.493E-04

4.274E-04

6.577E-04

9.443E-04

1.290E-03

1.696E-03

2.161E-03

2.684E-03

3.262E-03

3.892E-03

4.571E-03

5.296E-03

6.064E-03

6.870E-03

7.712E-03

X.586E-03

9.489E-03

1.042E-02

1.137E-02

1.234E-02

1.334E-02

1.434E-02

1.537E-02

1 640E-02

1.745E-02

1.851 E-02

1.958E-02

2.066E-02

2.175E-02

2.285E-02

2.395E-02

2.506Ë-02

2.618E-02

2.730E-02

2.843E-02

2.956E-02

3.070E-02

3,184 E-02

3.298E-02

3.413E-02

3.529E-02

3.644E-02

3.760E-02

3.876E-02

3.993E-02

4.110E-02

4.228E-02

4.0566E-03

5.7983E-03

6.9145E-03

7.7481E-03

8.4189E-03

8,9831E-03

9.4714E-03

9.9030E-03

1.0290E-02

1.0642E-02

1.0965E-02

1.1263E-02

1.1540E-02

1.1799E-02

1.2043E-02

1.2273E-02

1.2491 E-02

1.2697E-02

1.2894E-02

1.3082E-02

1.3262E-02

1.3435E-02

1.3601E-02

1.3761E-02

1.3915E-02

1.4063E-02

1.4207E-02

1.4346E-02

1.4480E-02

1,4611 E-02

1.473XE-02

1 4861 E-02

1.4981E-02

1.5098E-02

1.5211 E-02

1.5322E-02

1.5430E-02

1.5536E-02

1.5639E-02

1.5740E-02

1.5838E-02

1.5935E-02

1.6029E-02

1.6122E-02

1.6212E-02

1.6301 E-02

1.6388E-02

1.6473E-02

1.6557E-02

1.6640E-02

1.6720E-02

1.6800E-02

1.6878E-02

1.6955E-02

1.7030E-02

0.000

0.000

0.000

0.000

0.000

0,000

6.579

9.541

12.45

15.2(1

17.82

20.39

22.74

24.84

26.65

28.20

29.49

30.53

31.35

31.97

32.42

32.71

32.87

32.91

32.85

32.71

32.49

32.22

31.90

31.55

31.18

30 79

30.40

30.01

29.62

29.23

28.84

28.46

28.08

27.71

27.35

26.98

26.63

26.28

25.94

25.61

25.28

24.97

24.67

24.38

24.10

23.83

23.57

23.32

23.08

57 1

58 l.i

59 1.'

60 l.i

61

62

63

64

65

66

67

68

69

70

71

72

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

73 9.

74 8.

75 8,

76 8,

77 8,

78 8.

79 8.

80 8.

81 8,

82 8,

83 8

84

85

8

8,

86 8

101E+01

086E+01

072E+01

058E+01

044E+01

031E+01

018E+01

006E+01

935E+00

817E+00

703E+00

592E+00

483E+00

378E+00

275E+00

175E+00

078E+00

983E+00

890E+00

800E+00

712E+00

626E+00

542E+00

460E+00

380E+00

302E+00

226E+00

151E+00

078E+00

006E+00

936E+00

868E+00

801E+00

735E+00

671E+00

608E+0Ü

546E+00

486E+00

427E+00

369E+00

312E+00

256E+00

201E+00

147E+00

095E+00

043E+00

992E+00

942E+00

893E+00

845E+00

798E+00

751E+00

706E+00

661E+00

617E+00

2.870E+00

2.962E+00

3.054E+00

3.148 E+00

3.243E+00

3.340E+00

3.437E+00

3.536E+00

3.636E+00

3.737E+00

3.840E+00

3.944E+00

4.048E+00

4.154E+00

4.262E+00

4.370E+00

4.480E+00

4.590E+00

4.702E+00

4.815E+00

4.930E+00

5.045E+00

5.161E+00

5.279E+00

5.398E+00

5.518E+00

5.639E+00

5.761E+00

5.884E+00

6.008E+00

6.134E+00

6 260E+00

6.388E+00

6.517E+00

6.647E+00

6.778Ë+00

6.910E+00

7.043E+00

7.177E+00

7.312E+00

7.448E+00

7.585E+00

7.724E+00

7.863E+00

8.004E+00

8.145E+00

8.288E+00

8.431E+00

8.576E+00

8.721E+00

8.868E+00

9.015E+00

9.164E+00

9.314E+00

9.464E+00

4.463 E-02

4.581E-02

4.700E-02

4.819E-02

4.938E-02

5.057E-02

5.177E-02

5.297E-02

5.418E-02

5.538E-02

5.660E-02

5.781E-02

5.903E-02

6.025E-02

6.147E-02

6.270E-02

6.394E-02

6.517E-02

6.641E-02

6.766E-02

6.890E-02

7.015E-02

7.141E-02

7.267E-02

7.393E-02

7.520E-02

7.647E-02

7.774E-02

7.902E-02

8.031E-02

8.160E-02

8.289E-02

8.419E-02

8.549E-02

8.679E-02

8.810E-02

8.942E-02

9.074E-02

9.206E-02

9.339E-02

9.473E-02

9.606E-02

9.741 E-02

9.875E-02

1.001 E-01

1.015E-01

1.028E-01

1.042E-01

1.056E-01

1.069E-01

1.083E-01

1.097E-01

1.111E-01

1.125 E-01

1.139E-01

1.7177E-02

1.7249E-02

1.7320E-02

1.7390E-02

1.7458E-02

1.7526E-02

1.7593E-02

1.7658E-02

1.7723E-02

1.7787E-02

1.7850E-02

1.7912E-02

1.7973E-02

1.8034E-02

1.8094E-02

1.8153E-02

1.8211E-02

1.8268E-02

1.8325E-02

1.8381E-02

1.8437E-02

1.8491E-02

1.8545E-02

1.8599E-02

1.8652E-02

1.8704E-02

1.8756E-02

1.8807E-02

1.8857E-02

1.8907E-02

1.8957E-02

1.9006E-02

1.9054E-02

1.9102E-02

1.9150E-02

1.9197E-02

1.9243E-02

1.9289E-02

1.9335E-02

1.9380E-02

1.9425E-02

1.9469E-02

1.9513E-02

1.9556E-02

1.9599E-02

1.9642E-02

1.9684E-02

1.9726E-02

1.9768E-02

1.9809E-02

1.9850E-02

1.9890 E-02

1.9930E-02

1.9970E-02

2.0009E-02

22.60

22.38

22.16

21.95

21.75

21.56

21.38

21.21

21.04

20.87

20.71

20.55

20.40

20.26

20.13

20.00

19.87

19.75

19.63

19.52

19.40

19.30

19.19

19.09

19.00

18.91

18.83

18.75

18.67

18.59

18.52

18.44

18.37

18.30

18.24

18.18

18.12

18.07

18.02

17.96

17.91

17.86

17.81

17.76

17.71

17.67

17.63

17.59

17.56

17.52

17.49

17.45

17.42

17.39

17.36

56 1.117E+01 2.780E+00 4.345E-02 1.7104E-02 22.84 112 6.573E+00 9.616E+00 1.153E-01 2.0048E-02 17.33

172



PROTONSIN OPTICAL CEMENTBC-600

RGY STOPPING CSDA P
2

°Aft\î (a/A) ENERGYSTOPPING CSDA P„,-
2

"MCS (a/A)
POWER RANGE 10" POWER RANGE 10"27

V MeVcm2 g"
-2

gem rad2 cmV MeV MeVcm2 g" gem-2 rad2 2 -

cm g

113 6.531 E+00 9.769E+00 1.167E-01 2.0087E-02 17.30 1X4 4.647E+00 2.293E+01 2.260E-01 2.2238E-02 16.32

114 6.489E+00 9.922E+00 1.181E-01 2.0125E-02 17.27 185 4.631 E+00 2.315E+01 2.276E-01 2.2263E-02 16.31

115 6.448E+00 1.008E+01 1.195E-01 2.0163E-02 17.24 186 4.614E+00 2.337E+01 2.293E-01 2.2287E-02 16.31

116 6.407E+00 1.023 E+01 1.209E-01 2.0201 E-02 17.22 187 4.598E+00 2.358E+01 2.309E-01 2.2310E-02 16.30

117 6.367E+00 1.039E+01 1.224E-01 2.0239E-02 17.19 188 4.582E+00 2.380E+01 2.326E-01 2.2334E-02 16.30

118 6.328E+00 1.055E+01 1.238E-01 2.0276E-02 17.16 1X9 4.566E+00 2.402E+01 2.342E-01 2.2358E-02 16.29

119 6.289E+00 1.070E+01 1.252E-01 2.0313E-02 17.13 190 4.550E+00 2.424E+01 2.359E-01 2.2381E-02 16.29

120 6.251 E+00 1.086E+01 1.267E-01 2.0349E-02 17.11 191 4.535E+00 2.446E+01 2.375E-01 2.2405E-02 16.28

121 6.214E+00 1.102E+01 1.281E-01 2.0386E-02 17.09 192 4.519E+00 2.468E+01 2.392E-01 2.2428E-02 16.27

122 6.177E+00 1.119E+01 1.295E-01 2.0422E-02 17.06 193 4.504E+00 2.490E+01 2.408E-01 2.2451 E-02 16.27

123 6.141 E+00 1.135E+01 1.310E-01 2.045 8E-02 17.04 194 4.489E+00 2.512E+01 2.425E-01 2.2474E-02 16.26

124 6.105E+00 1.151E+01 1.325E-01 2.0493E-02 17.02 195 4.474E+00 2.535E+01 2.441E-01 2.2497E-02 16.26

125 6.070E+00 1.168E+01 1.339E-01 2.0528E-02 17.00 196 4.459E+00 2.557E+01 2.458E-01 2.2520E-02 16.25

126 6.035E+00 1.184E+01 1.354E-01 2.0563E-02 16.98 197 4.445E+00 2.580E+01 2.474E-01 2.2543E-02 16.25

127 6.001 E+00 1.201 E+01 1.368E-01 2.0598E-02 16.96 198 4.430E+00 2.602E+01 2.491E-01 2.2565E-02 16.24

128 5.968E+00 1.217E+01 1.383E-01 2.0632E-02 16.94 199 4.416E+00 2.625E+01 2.507E-01 2.2588E-02 16.24

129 5.934E+00 1.234E+01 1.398E-01 2.0666E-02 16.92 200 4.401 E+00 2.647E+01 2.524E-01 2.2610E-02 16.24

130 5.902E+00 1.251E+01 1.413E-01 2.0700E-02 16.90 201 4.387E+00 2.670E+01 2.541E-01 2.2632E-02 16.23

131 5.870E+00 1.268E+01 1.427E-01 2.0734E-02 16.88 202 4.373E+00 2.693E+01 2.557E-01 2.2655E-02 16.23

132 5.838E+00 1.285E+01 1.442E-01 2.0767E-02 16.87 203 4.360E+00 2.716E+01 2.574E-01 2.2677E-02 16.22

133 5.807E+00 1.302E+01 1.457E-01 2.0801E-02 16.85 204 4.346E+00 2.739E+01 2,591 E-01 2.2699E-02 16.22

134 5.776E+00 1.320E+01 1.472E-01 2.0834E-02 16.83 205 4.332E+00 2.762E+01 2.607E-01 2.2720E-02 16.21

135 5.746E+00 1.337E+01 1.487E-01 2.0866E-02 16.81 206 4.319E+00 2.785E+01 2.624E-01 2.2742E-02 16.21

136 5.716E+00 1.355E+01 1.502E-01 2.0899E-02 16.80 207 4.305E+00 2.808E+01 2.641E-01 2.2764E-02 16.20

137 5.686E+00 1.372E+01 1.517E-01 2.0931 E-02 16.78 208 4.292E+00 2.832E+01 2.657E-01 2.2785E-02 16.20

138 5.657E+00 1.390E+01 1.532E-01 2.0963E-02 16.77 209 4.279E+00 2.855E+01 2.674E-01 2.2807E-02 16.20

139 5.628E+00 1.407E+01 1.548E-01 2.0995E-02 16.75 210 4.266E+00 2.878E+01 2.691E-01 2.2828E-02 16.19

140 5.600E+00 1.425E+01 1.563E-01 2.1027E-02 16.74 211 4.253E+00 2.902E+01 2.707E-01 2.2849E-02 16.19

141 5.572E+00 1.443E+01 1.578E-01 21058E-02 16.72 212 4.241 E-t 00 2.925E+01 2.724E-01 2.2870E-02 16.19

142 5.544E+00 1.461E+01 1.593E-01 2.1089E-02 16.71 213 4.228E+00 2.949E+01 2.741E-01 2.2891E-02 16.18

143 5.517E+00 1.479E+01 1.608E-01 2.1120E-02 16.70 214 4.216E+00 2.973E+01 2.758E-01 2.2912E-02 16,18

144 5.490E+00 1.497E+01 1.624E-01 2.1151E-02 16.68 215 4.203E+00 2.996E+01 2.774E-01 2.2933E-02 16.17

145 5.464E+00 1.516E+01 1.639E-01 2.1181E-02 16.67 216 4.191E+00 3.020E+01 2.791 E-01 2.2954E-02 16.17

146 5.438E+00 1.534E+01 1.654E-01 2.1212E-02 16.66 217 4.179E+00 3.044E+01 2.80XE-01 2.2975E-02 16.17

147 5.412E+00 1.552E+01 1.670E-01 2.1242E-02 16.64 218 4.167E+00 3.068E+01 2.825E-01 2.2995E-02 16,16

148 5.386E+00 1.571E+01 1.685E-01 2.1272E-02 16.63 219 4.155E+00 3.092E+01 2.841E-01 2.3016E-02 16.16

149 5.361E+00 1.590E+01 1.701E-01 2.1302E-02 16.62 220 4.143E+00 3.116E+01 2.858E-01 2.3036E-02 16.16

150 5.336E+00 1.608E+01 1.716E-01 2.1331E-02 16.61 221 4.131E+00 3.140E+01 2.875E-01 2.3056E-02 16.15

151 5.312E+00 1.627E+01 1.732E-01 2.1361E-02 16.60 222 4.120E+00 3.165E+01 2.892E-01 2.3076E-02 16.15

152 5.288E+00 1.646E+01 1.747E-01 2.1390E-02 16.58 223 4.108E+00 3.189E+01 2.908E-01 2.3096E-02 16.15

153 5.264E+00 1.665E+01 1.763E-01 2.1419E-02 16.57 224 4.097E+00 3.213E+01 2.925E-01 2.3116E-02 16.14

154 5.240E+00 1.684E+01 1.779E-01 2.1448E-02 16.56 225 4.085E+00 3.238E+01 2.942E-01 2.3136E-02 16.14

155 5.217E+00 1.703E+01 1.794E-01 2.1476E-02 16.55 226 4.074E+00 3.262E+01 2.959E-01 2.3156E-02 16.14

156 5.194E+00 1.722E+01 1.810E-01 2.1505E-02 16.54 227 4.063E+00 3.287E+01 2.976E-01 2.3176E-02 16.13

157 5.171E+00 1.741E+01 1.826E-01 2.1533E-02 16.53 228 4.052E+00 3.311E+01 2.992E-01 2.3195E-02 16.13

158 5.149E+00 1.761E+01 1.842E-01 2.1561E-02 16.52 229 4.041 E+00 3.336E+01 3.009E-01 2.3215E-02 16.13

159 5.127E+00 1.780E+01 1.857E-01 2.1589E-02 16.51 230 4.030E+00 3.361 E+01 3.026E-01 2.3235E-02 16.13

160 5.105E+00 1.800E+01 1.873E-01 2.1617E-02 16.50 231 4.019E+00 3.386E+01 3.043E-01 2.3254E-02 16.12

161 5.083E+00 1.820E+01 1.889E-01 2.1645E-02 16.49 232 4.009E+00 3.411E+01 3.060E-01 2.3273E-02 16.12

162 5.062E+00 1.839E+01 1.905E-01 2.1672E-02 16.48 233 3.998E+00 3.436E+01 3.076E-01 2.3292 E-02 16.12

163 5.040E+00 1.859E+01 1.921 E-01 2.1700E-02 16.47 234 3.988E+00 3.461E+01 3.093E-01 2.3312E-02 16.11

164 5.020E+00 1.879E+01 1.937E-01 2.1727E-02 16.47 235 3.977E+00 3.486E+01 3.110E-01 2.3331E-02 16.11

165 4.999E+00 1.899E+01 1.953E-01 2.1754E-02 16.46 236 3.967E+00 3.511E+01 3.127E-01 2.3350E-02 16.11

166 4.978E+00 1.919E+01 1.969E-01 2.1781E-02 16.45 237 3.957E+00 3.536E+01 3.144E-01 2.3369E-02 16.11

167 4.958E+00 1.939E+01 1.985E-01 2.1807E-02 16.44 238 3.947E+00 3.562E+01 3.161E-01 2.3387E-02 16.10

168 4.938E+00 1.959E+01 2.001E-01 2.1834E-02 16.43 239 3.937E+00 3.587E+01 3.177E-01 2.3406E-02 16.10

169 4.919E+00 1.980E+01 2.017E-01 2.1860E-02 16.42 240 3.927E+00 3.612E+01 3.194E-01 2.3425E-02 16.10

170 4.X99E+00 2.000E+01 2.033E-01 2.18X6E-02 16.42 241 3.917E+00 3.638E+01 3.211E-01 2.3443E-02 16.10

171 4.880E+00 2.020E+01 2.049E-01 2.1912E-02 16.41 242 3.907E+00 3.663E+01 3.228E-01 2.3462E-02 16.09

172 4.861E+00 2.041E+01 2.065E-01 2.1938E-02 16.40 243 3.897E+00 3.689E+01 3.245E-01 2.3480E-02 16.09

173 4.842E+00 2.062E+01 2.081 E-01 2.1964E-02 16.39 244 3.887E+00 3.715E+01 3.261 E-01 2.3499 E-02 16.09

174 4.823 E+00 2.082E+01 2.097E-01 2.1990E-02 16.39 245 3.878E+00 3.741E+01 3.278E-01 2.3517E-02 16.09

175 4.805E+00 2.103E+01 2.113E-01 2.2015E-02 16.38 246 3.86XE+00 3.766E+01 3.295E-01 2.3535E-02 16.08

176 4.786E+00 2.124E+01 2.130E-01 2.2041 E-02 16.37 247 3.859E+00 3.792E+01 3.312E-01 2.3553E-02 16.08

177 4.768E+00 2.145E+01 2.146E-01 2.2066E-02 16.36 248 3.850E+00 3.818E+01 3.329E-01 2.3571E-02 16.08

178 4.751 E+00 2.166E+01 2.162 E-01 2.2091 E-02 16.36 249 3.840E+00 3.844E+01 3.345E-01 2.3589E-02 16.08

179 4.733E+00 2.187E+01 2.178E-01 2.2116E-02 16.35 250 3.831E+00 3.870E+01 3.362E-01 2.3607E-02 16.07

180 4.715E+00 2.208E+01 2.195E-01 2.2141 E-02 16.34

181 4.698E+00 2.229E+01 2.211 E-01 2.2165E-02 16.34

182 4.681E+00 2.251E+01 2.227E-01 2.2190E-02 16.33

183 4.664E+00 2.272E+01 2.244E-01 2.2214E-02 16.33
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Appendix D: Proton Data Tables

Based on

ICRU/-values

PROTONSIN PLEXIGLAS (LUC1TE)

Density/) [g cm"3]:
Radiation length Xa [g cm"2]:
Mean ionisation energy / [eVl:

1.18

40.549

74.0 (Experimental value)

COMPOSITION:

Element

Z

A

%by weight
7[eV]

H

1

1.0079

0.08054

19.2

C

6

12.0107

0.59984

81

O

8

15.9994

0.31962

106

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVg"1 cm2 g cm"2

1 2.531E+02

2 1.546E+02

1.143E+02

9.174E+01

7.715E+01

6.687E+01

5.919E+01

8 5.321E+01

9 4.843E+01

10 4.450E+01

11 4.121E+01

12 3.842E+01

13 3.601E+01

14 3.391E+01

15 3.207E+01

16 3,043 E+01

17 2.X97E+01

18 2.765E+01

19 2.647E+01

20 2.538E+01

21 2.440E+01

22 2.349E+01

23 2.266E+01

24 2.189E+01

25 2.117E+01

26 2.051 E+01

27 1.989E+01

28 1.931 E+01

29 1.877E+01

30 1.826E+01

31 1.779E+01

32 1.733E+01

33 1.691E+01

34 I.651E+01

35 1.612E+01

36 1.576E+01

37 1.542E+01

38 1.509E+01

39 1.478E+01

40 1.448 E+01

41 1.420Ë+01

42 1.393E+01

43 1.367E+01

44 1.342E+01

45 1.318E+01

46 1.295E+01

47 1.273 E+01

48 1.252 E+01

49 1.231 E+01

50 1.212E+01

51 1.193E+01

52 1.175E+01

53 1.157E+01

54 1.140E+01

55 1.124E+01

2.378E-03

7.620E-03

1.525E-02

2.508E-02

3.702E-02

5.098E-02

6.691 E-02

8.476E-02

1.045E-01

1.260E-01

1.494E-01

1.746E-01

2.015E-01

2.301E-01

2.604E-01

2.925E-01

3.262E-01

3.615E-01

3.985E-01

4.371 E-01

4.773E-01

5.190E-01

5.624E-01

6.073E-01

6.538E-01

7.018E-01

7.513E-01

8.023E-01

8.548E-01

9.088E-01

9.643E-01

1.021 E+00

1.080E+00

1.140E+00

1.201 E+00

1.264E+00

1.328E+00

1.393E+00

1.460E+00

1.529E+00

1.598E+00

1.670E+00

1.742E+00

1.816E+00

1.891E+00

1.968E+00

2.046E+00

2.125E+00

2.205E+00

2.287E+00

2.370E+00

2.455E+00

2.541 E+00

2.628E+00

2.716E+00

0.000E+00

O.OOOE+00

0.000E+00

0.000E+00

O.OOOE+00

0.000E+00

3.827E-05

1.388E-04

2.887E-04

4.902E-04

7.443E-04

1.054E-03

1.421E-03

1.846E-03

2.327E-03

2.862E-03

3.449E-03

4.085E-03

4.768E-03

5.494E-03

6.262E-03

7.066E-03

7.905E-03

8.775E-03

9.673E-03

1.060 E-02

1.154E-02

1.251E-02

1.349E-02

1.449 E-02

1.551 E-02

1.654E-02

1.758E-02

1.863E-02

1.969E-02

2.076E-02

2.184E-02

2.293E-02

2.403E-02

2.513E-02

2.624E-02

2.736E-02

2.848E-02

2.961E-02

3.075E-02

3.188E-02

3.302E-02

3.417 E-02

3.532E-02

3.647E-02

3.763E-02

3.879E-02

3.995Ë-02

4.112E-02

4.229E-02

rad2

4.3037E-03

6.1386E-03

7.3122E-03

8.1879E-03

8.8922E-03

9.4842E-03

9.9964E-03

1.0449E-02

1.0855E-02

1.1224E-02

1.1562E-02

1.1874E-02

1.2165E-02

1.2436E-02

1.2692E-02

1.2932E-02

1.3160E-02

1.3377E-02

1.3583E-02

1.3780E-02

1.3969E-02

1.4150E-02

1.4323E-02

1.4490E-02

1.4652E-02

1.4807E-02

1.4957E-02

1.5103E-02

1.5244E-02

1.5381 E-02

1.5513E-02

1.5642E-02

1.5768E-02

1.5890E-02

1.6009E-02

1.6125E-02

1.6238E-02

1.6349E-02

1.6457E-02

1.6562E-02

1.6665 E-02

1.6766E-02

1.6865E-02

1.6961E-02

1.7056E-02

1.7149E-02

1.7240E-02

1.7330E-02

1.7417E-02

1.7503E-02

1.7588E-02

1.7671 E-02

1.7753E-02

1.7833E-02

1.7912E-02

(a/A)
10"27

cmV

0.000

0.000

0.000

0.000

0.000

0.000

7.527

10.98

14.12

16.82

19.22

21.60

23.72

25.57

27.12

28.46

29.55

30.44

31.14

31.68

32.06

32.30

32.42

32.44

32.36

32.21

31.98

31.70

31.37

31.00

30.63

30.25

29.87

29.49

29.12

28.75

28.39

28.03

27.68

27.33

26.99

26.64

26.30

25.96

25.63

25.31

24.99

24.6X

24.39

24.11

23.84

23.58

23.33

23.08

22.85

56 1.108E+01 2.806E+00 4.347E-02 1.7990E-02 22.61

RGY STOPPING CSDA p
2

"MCX i"IA)

POWER RANGE 10""

eV MeVg" cm
2

g cm"2 rad2 cm2 g"1

57 1.092E+01 2.897E+00 4.464E-02 1.8066E-02 22.37

58 1.077E+01 2.989E+00 4.582E-02 1.8141E-02 22.15

59 1.063E+01 3.082E+00 4.701 E-02 1.8215E-02 21.93

60 1.049E+01 3.177E+00 4.819E-02 1.8288E-02 21.72

61 1.036E+01 3.273E+00 4.938E-02 1.8360E-02 21.52

62 1.023E+01 3.370E+00 5.057E-02 1.8431E-02 21.33

63 1.010E+01 3.469E+00 5.177E-02 1.8500E-02 21.15

64 9.974E+00 3.568E+00 5.296E-02 1.8569E-02 20.98

65 9.854E+00 3.669E+00 5.417E-02 1.8637E-02 20.81

66 9.738E+00 3.771E+00 5.537E-02 1.8704E-02 20.65

67 9.624E+00 3.875E+00 5.658E-02 1.8769E-02 20.48

68 9.514E+00 3.979E+00 5.779E-02 1.8834E-02 20.33

69 9.407E+00 4.085E+00 5.900E-02 1.8899E-02 20.17

70 9.303E+00 4.192E+00 6.022E-02 1.8962E-02 20.03

71 9.201E+00 4.300E+00 6.144E-02 1.9024E-02 19.90

72 9.102E+00 4.409E+00 6.267 E-02 1.9086E-02 19.77

73 9.006E+00 4.519E+00 6.389E-02 1.9147E-02 19.65

74 8.912E+00 4.631 E+00 6.513E-02 1.9207E-02 19.53

75 8.820E+00 4.744E+00 6.636E-02 1.9266E-02 19.41

76 8.730E+00 4.858E+00 6.760E-02 1.9325E-02 19.30

77 X.643E+00 4.973E+00 6.885E-02 1.9383E-02 19.18

78 8.558E+00 5.089E+00 7.009E-02 1.9440E-02 19.07

79 8.475E+00 5.207E+00 7.134E-02 1.9497E-02 18,96

80 8.394E+00 5.325E+00 7.260E-02 1.9553E-02 18.87

81 8.314E+00 5.445E+00 7.385E-02 1.9608E-02 18.78

82 X.237E+00 5.566E+00 7.512 E-02 1.9663 E-02 18.70

83 8.161 E+00 5.688E+00 7.638E-02 1.9717E-02 18.62

84 8.087E+00 5.811E+00 7.765E-02 1.9770E-02 18,55

85 8.015E+00 5.935E+00 7.893E-02 1.9823 E-02 18.47

86 7.944E+00 6.060E+00 X.021E-02 1.9875E-02 18.40

X7 7.X75E+00 6.187E+00 8.150E-02 1.9927E-02 18.32

88 7.807E+00 6.314E+00 8.279E-02 1.9978E-02 18.24

X9 7.740E+00 6.443E+00 8.408E-02 2.0029E-02 18.17

90 7.675E+00 6.573E+00 8.538E-02 2.0079E-02 18.10

91 7.612E+00 6.704E+00 8.668E-02 2.0129E-02 18.05

92 7.549E+00 6.835E+00 X.79XE-02 2.0178E-02 17.99

93 7.4X8E+00 6.968E+00 8.930E-02 2.0226E-02 17.95

94 7.428E+00 7.103 E+00 9.061 E-02 2.0275E-02 17.90

95 7.370E-K>0 7.238E+00 9.194E-02 2.0322E-02 17.85

96 7.312E+00 7.374E+00 9.326E-02 2.0370E-02 17.80

97 7.256E+00 7.511E+00 9.460E-02 2.0416E-02 17.75

98 7.200E+00 7.650E+00 9.593E-02 2.0463E-02 17.70

99 7.146E+00 7.7X9E+00 9.727E-02 2.0508E-02 17.66

100 7.093E+00 7.929E+00 9.862E-02 2.0554E-02 17.61

101 7.041E+00 8.071E+00 9.997E-02 2.0599E-02 17.57

102 6.989E+00 8.213E+00 1.013E-01 2.0643E-02 17.53

103 6.939E+00 8.357E+00 1.027E-01 2.06XXE-02 17.50

104 6.890E+00 8.502E+00 1.041 E-01 2.0731 E-02 17.46

105 6.841 E+00 8.647E+00 1.054E-01 2.0775E-02 17.43

106 6.793E+00 8.794E+00 1.068E-01 2.0818E-02 17.40

107 6.746E+00 8.942E+00 1.082E-01 2.0861E-02 17.38

10X 6.700E+00 9.091E+00 1.096E-01 2.0903E-02 17.35

109 6.655E+00 9.240E+00 1.110E-01 2.0945E-02 17.33

110 6.611 E+00 9.391E+00 1.124E-01 2.0986E-02 17.30

111 6.567EHX) 9.543 E+00 1.138E-01 2.1027E-02 17.28

112 6.524E+00 9.696E+00 1.152E-01 2.1068E-02 17.25

174



PROTONSIN PLEXIGLAS (LUCITE)

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g"1 g cm"2

113 6.482E+00 9.849E+00

114 6.440E+00 1.000 E+01

115 6.399E+00 1.016E+01

116 6.359E+00 1.032E+01

117 6.320E+00 1.047E+01

118 6.281E+00 1.063E+01

119 6.243E+00 1.079E+01

120 6.205E+00 1.095E+01

121 6.168E+00 1.112E+01

122 6.131E+00 1.128E+01

123 6.095E+00 1.144E+01

124 6.060E+00 1.161E+01

125 6.025E+00 1.177E+01

126 5.991 E+00 1.194E+01

127 5.957E+00 1.211E+01

128 5.924E+00 1.227E+01

129 5.891E+00 1.244E+01

130 5.858E+00 1.261E+01

131 5.826E+00 1.278E+01

132 5.795E+00 1.296E+01

133 5.764E+00 1.313E+01

134 5.734E+00 1.330E+01

135 5.703E+00 1.348E+01

136 5.674E+00 1.365E+01

137 5.645E+00 1.383E+01

138 5.616E+00 1.401 E+01

139 5.587E+00 1.419E+01

140 5.559E+00 1.437E+01

141 5.531E+00 1.455E+01

142 5.504E+00 1.473E+01

143 5.477E+00 1.491E+01

144 5.450E+00 1.509E+01

145 5.424E+00 1.528E+01

146 5.398E+00 1.546E+01

147 5.373E+00 1.565E+01

148 5.347E+00 1.583E+01

149 5.323E+00 1.602E+01

150 5.298E+00 1.621E+01

151 5.274E+00 1.640E+01

152 5.250E+00 1.659E+01

153 5.226E+00 1.678E+01

154 5.203E+00 1.697E+01

155 5.179E+00 1.716E+01

156 5.157E+00 1.736E+01

157 5.134E+00 1.755E+01

158 5.112E+00 1.775E+01

159 5.090E+00 1.794E+01

160 5.068E+00 1.814E+01

161 5.047E+00 1.834E+01

162 5.025E+00 1.854E+01

163 5.004E+00 1.874E+01

164 4.984E+00 1.894E+01

165 4.963E+00 1.914E+01

166 4.943E+00 1.934E+01

167 4.923 E+00 1.954E+01

168 4.903E+00 1.975E+01

169 4.884E+00 1.995E+01

170 4.864E+00 2.016E+01

171 4.845E+00 2.036E+01

172 4.826E+00 2.057E+01

173 4.807E+00 2.078E+01

174 4.789E+00 2.098E+01

175 4.771E+00 2.119E+01

176 4.753E+00 2.140E+01

177 4.735E+00 2.161E+01

178 4.717E+00 2.183E+01

179 4.699E+00 2.204E+01

180 4.682E+00 2.225E+01

181 4.665E+00 2.247E+01

182 4.648E+00 2.268E+01

183 4.631E+00 2.290E+01

Pmc &MCS {dA)
10"27

rad2 cm2 g"1

1.166E-01 2.1109E-02 17.23

1.180E-01 2.1149E-02 17.20

1.194E-01 2.1189E-02 17.18

1.208E-01 2.1228E-02 17.15

1.223E-01 2.1267E-02 17.13

1.237E-01 2.1306E-02 17.11

1.251E-01 2.1345E-02 17.08

1.266E-01 2.1383E-02 17.06

1.280E-01 2.1421E-02 17.04

1.295E-01 2.1459E-02 17.02

1.310E-01 2.1496E-02 17.01

1.324E-01 2.1533E-02 16.99

1.339E-01 2.1570E-02 16.97

1.354E-01 2.1607E-02 16.95

1.368E-01 2.1643E-02 16.94

1.383E-01 2.1679E-02 16.92

1.398E-01 2.1715E-02 16,91

1.413E-01 2.1750E-02 16.89

1.428E-01 2.1785E-02 16.88

1.443E-01 2.1820E-02 16.86

1.458E-01 2.1855E-02 16.85

1.473E-01 2.1889E-02 16.83

1.488E-01 2.1924E-02 16.82

1.503E-01 2.1958E-02 16.81

1.518E-01 2.1991E-02 16.80

1.533E-01 2.2025E-02 16.78

1.549E-01 2.2058E-02 16.77

1.564E-01 2.2091E-02 16.76

1.579E-01 2.2124E-02 16.75

1.595E-01 2.2157E-02 16.74

1.610E-01 2.2189E-02 16.72

1.626E-01 2.2221E-02 16.71

1.641E-01 2.2253E-02 16.70

1.657E-01 2.2285E-02 16.69

1.672E-01 2.2316E-02 16.68

1.688E-01 2.2348E-02 16.67

1.703E-01 2.2379E-02 16.66

1.719E-01 2.2410E-02 16.65

1.735E-01 2.2440E-02 16.64

1.750E-01 2.2471E-02 16.63

1.766E-01 2.2501E-02 16.63

1.782E-01 2.2531E-02 16.62

1.798E-01 2.2561E-02 16.61

1.814E-01 2.2591 E-02 16.60

1.830E-01 2.2621E-02 16.59

1.846E-01 2.2650E-02 16.58

1.861 E-01 2.2679E-02 16.57

1.877E-01 2.2708E-02 16.57

1.893E-01 2.2737E-02 16.56

1.910E-01 2.2766E-02 16.55

1.926E-01 2.2795E-02 16.54

1.942E-01 2.2823E-02 16.54

1.958E-01 2.2851E-02 16.53

1.974E-01 2.2879E-02 16.52

1.990E-01 2.2907E-02 16.52

2.006E-01 2.2935E-02 16.51

2.023E-01 2.2962E-02 16.50

2.039E-01 2.2990E-02 16.50

2.055E-01 2.3017E-02 16.49

2.071 E-01 2.3044E-02 16.48

2.088E-01 2.3071E-02 16.48

2.104E-01 2.3098E-02 16.47

2.120E-01 2.3125E-02 16.47

2.137E-01 2.3151E-02 16.46

2.153 E-01 2.3177E-02 16.46

2.170E-01 2.3204E-02 16.45

2.186E-01 2.3230E-02 16.44

2.203E-01 2.3256E-02 16.44

2.219E-01 2.3281E-02 16.43

2.236Ë-01 2.3307E-02 16.43

2.252E-01 2.3332E-02 16.42

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g'1 g cm-2

184 4.615E+00 2.311E+01

1X5 4.59XE+00 2.333E+01

186 4.582E+00 2.355E+01

187 4.566E+00 2.377E+01

188 4.550E+00 2.398E+01

189 4.534E+00 2.420E+01

190 4.519E+00 2.443E+01

191 4.503EH10 2.465E+01

192 4.488E+00 2.487E+01

193 4.473E+00 2.509E+01

194 4.458E+00 2.532E+01

195 4.443E+00 2.554E+01

196 4.428E+00 2.577E+01

197 4.414E+00 2.599E+01

198 4.399E+00 2.622E+01

199 4.385EfOO 2.645E+01

200 4.371E+00 2.668E+01

201 4.357E+00 2.691E+01

202 4.343E+00 2.714E+01

203 4.329E+00 2.737E+01

204 4.316E+00 2.760E+01

205 4.302E+00 2.783E+01

206 4.289E+00 2.806E+01

207 4.276E+00 2.830E+01

208 4.263 E+00 2.853E+01

209 4.250E+00 2.877E+01

210 4.237E+00 2.900E+01

211 4.224E+00 2.924E+01

212 4.211E+00 2.947E+01

213 4.199E+00 2.971E+01

214 4.186E+00 2.995E+01

215 4.174E+00 3.019E+01

216 4.162E+00 3.043E+01

217 4.150E+00 3.067E+01

218 4.138E+00 3.091E+01

219 4.126E+00 3.115E+01

220 4.114E+00 3.140E+01

221 4.103E+00 3.164E+01

222 4.091 E+00 3.188E+01

223 4.080E+00 3.213 E+01

224 4.069E+00 3.237E+01

225 4.057E+00 3.262E+01

226 4.046E+00 3.287E+01

227 4.035E+00 3.311E+01

22X 4.024E+00 3.336E+01

229 4.013E+00 3.361E+01

230 4.003E+00 3.386E+01

231 3.992E+00 3.411E+01

232 3.981E+00 3.436E+01

233 3.971E+00 3.461E+01

234 3.960E+OO 3.487E+01

235 3.950E+00 3.512E+01

236 3.940E+00 3.537E+01

237 3.930E+00 3.563E+01

238 3.920E+00 3.588E+01

239 3.910E+00 3.614E+01

240 3.900E+00 3.639E+01

241 3.890E+00 3.665E+01

242 3.880E+00 3.691 E+01

243 3.871E+00 3.716E+01

244 3.X61E+00 3.742E+01

245 3.852E+00 3.768E+01

246 3.842E+00 3.794E+01

247 3.833E+00 3.820E+01

248 3.823E+00 3.846E+01

249 3.814E+00 3.873E+01

250 3.805E+00 3.899E+01

P o"Mfï ("l-A}
10""

rad2 cm2 g"

2.269E-01 2.3358E-02 16.42

2.285E-01 2.3383E-02 16.41

2.302E-01 2.3408E-02 16.41

2.319E-01 2.3433E-02 16.40

2.335E-01 2.3458E-02 16.40

2.352E-01 2.3483E-02 16.40

2.368E-01 2.3507E-02 16.39

2.385E-01 2.3532E-02 16.39

2.402E-01 2.3556E-02 16.38

2.419E-01 2.3580E-02 16.38

2.435E-01 2.3604E-02 16.37

2.452E-01 2.3628E-02 16.37

2.469E-01 2.3652E-02 16.37

2.486E-0) 2.3676E-02 16.36

2.502E-01 2.3700E-02 16.36

2.519E-01 2.3723E-02 16.35

2.536E-01 2.3746E-02 16.35

2.553E-01 2.3770E-02 16.35

2.570E-01 2.3793E-02 16.34

2.586E-01 2.3816E-02 16.34

2.603 E-01 2.3839E-02 16.34

2.620E-01 2.3862E-02 16.33

2.637E-01 2.3884E-02 16.33

2.654E-01 2.3907E-02 16.33

2.671 E-01 2.3929E-02 16.32

2.688E-01 2.3952E-02 16.32

2.705E-01 2.3974E-02 16.32

2.722E-01 2.3996E-02 16.31

2.739E-01 2.4018E-02 16.31

2.756E-01 2.4040E-02 16.31

2.772E-01 2.4062E-02 16,30

2.789E-01 2.4084E-02 16.30

2.806E-01 2.4106E-02 16.30

2.823E-01 2.4127E-02 16.29

2.840E-01 2.4149E-02 16.29

2.857E-01 2.4170E-02 16.29

2.874E-01 2.4191E-02 16.29

2.891E-01 2.4212E-02 16,28

2.908 E-01 2.4234E-02 16.28

2.925E-01 2.4255E-02 16.28

2.942E-01 2.4275E-02 16.28

2.959E-01 2.4296E-02 16.27

2.976E-01 2.4317E-02 16.27

2.993E-01 2.4338E-02 16.27

3.010E-01 2.4358E-02 16.27

3.027E-01 2.4379E-02 16.26

3.044E-01 2.4399E-02 16.26

3.061E-01 2.4419E-02 16.26

3.078E-01 2.4439E-02 16.26

3.096E-01 2.4459E-02 16.25

3.113E-01 2.4479E-02 16.25

3.130E-01 2.4499E-02 16.25

3.147E-01 2.4519E-02 16.25

3.164E-01 2.4539E-02 16.25

3.181E-01 2.4559E-02 16.24

3.198E-01 2.4578E-02 16.24

3.215E-01 2.4598E-02 16.24

3.232E-01 2.4617E-02 16.24

3.249E-01 2.4637E-02 16.24

3.266E-01 2.4656E-02 16.23

3.283E-01 2.4675E-02 16.23

3.300E-01 2.4694E-02 16.23

3.317E-01 2.4713E-02 16.23

3.334E-01 2.4732E-02 16.23

3.351E-01 2.4751E-02 16.22

3.368E-01 2.4770E-02 16.22

3.385E-01 2.4789E-02 16.22
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Appendix D: Proton Data Tables

Based on

ICRU/-values

PROTONSIN POLYETHYLENE

Density/) [g cm"3]:
Radiation lengthX0 [g cm"2]:
Mean ionisation energy / [eV]:

0.95

44.774

57.4 (Experimental value)

COMPOSITION:

Element

Z

A

%by weight
/[eV]

H

1

1.0079

0.14372

19.2

C

6

12.0107

0.85628

81

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVg" cm g cm" rad2 cm2 g'1

1 2.891E+02

2 1.745E+02

1.282E+02

1.025E+02

8.598E+01

7.435E+01

6.571E+01

8 5.900E+01

9 5.364E+01

10 4.924E+01

11 4.556E+01

12 4.244E+01

13 3.975E+01

14 3.742E+01

15 3.536E+01

16 3.354E+01

17 3.192E+01

18 3.045E+01

19 2.913E+01

20 2.793E+01

21 2.684E+01

22 2.584E+01

23 2.491 E+01

24 2.406E+01

25 2.327E+01

26 2.253 E+01

27 2.185E+01

28 2.121E+01

29 2.061 E+01

30 2.005E+01

31 1.952E+01

32 1.902E+01

33 1.855E+01

34 1.811E+01

35 1.769E+01

36 1.729E+01

37 1.691 E+01

38 1.654E+01

39 1.620E+01

40 1.587E+01

41 1.556E+01

42 1.526E+01

43 1.497Ë+01

44 1.470E+01

45 1.443E+01

46 1.418 E+01

47 1.394E+01

48 1.371E+01

49 1.348E+01

50 1.327E+01

51 1.306E+01

52 1.286E+01

53 1.266E+01

54 1.248E+01

55 1.230E+01

2.052E-03

6.674E-03

1.345E-02

2.224E-02

3.294E-02

4.548E-02

5.982E-02

7.591E-02

9.371E-02

1.132E-01

1.343E-01

1.571E-01

1.814E-01

2.074E-01

2.349E-01

2.639E-01

2.945E-01

3.266E-01

3.602E-01

3.952E-01

4.318E-01

4.698E-01

5.092E-01

5.500E-01

5.923E-01

6.360E-01

6,811 E-0)

7.275E-01

7.754E-01

8.246E-01

8.751 E-01

9.270E-01

9.803E-01

1.035E+00

1.091E+00

1.148E+00

1.2O6E+0O

1.266E+00

1.327E+00

1.390E+00

1.453E+00

1.518E+00

1.584E+00

1.652E+00

1.720E+00

1.790E+00

1.861 E+00

1.934E+00

2.007E+00

2.082E+00

2.158E+00

2.235E+00

2.314E+00

2.393E+00

2.474E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

2.205E-05

7.933E-05

1.668E-04

2.916E-04

4.605E-04

6.785E-04

9.492E-04

1.274E-03

1.654E-03

2.088E-03

2.574E-03

3.108E-03

3.689E-03

4.312Ë-03

4.974E-03

5.671E-03

6.401E-03

7.161E-03

7.946E-03

8.756E-03

9.587E-03

1.044E-02

1.130E-02

1.219E-02

1.308E-02

1.399E-02

1.491E-02

1.584E-02

1.678E-02

1.772E-02

1.868E-02

1.963E-02

2.060E-02

2.157E-02

2.255E-02

2.353E-02

2.451 E-02

2.550E-02

2.649E-02

2.749E-02

2.849E-02

2.949E-02

3.050E-02

3.151 E-02

3.252E-02

3.353E-02

3.455E-02

3.557E-02

3.659E-02

3.2640E-03

4.6928E-03

5.6136E-03

6.3036E-03

6.8599E-03

7.3283E-03

7.7343E-03

8.0933E-03

8.4157E-03

8.7087E-03

8.9775E-03

9.2260E-03

9.4572E-03

9.6735E-03

9.8768E-03

1.0069E-02

1.0250E-02

1.0423E-02

1.0588E-02

1.0745E-02

1.0895E-02

1.1039E-02

1.1178E-02

1.1311E-02

1.1440E-02

1.1564E-02

1.1684E-02

1.1801E-02

1.1913E-02

1.2023E-02

1.2129E-02

1.2232E-02

1.2332E-02

1.2430E-02

1.2525E-02

1.2618E-02

1.2708E-02

1.2796E-02

1.2883E-02

1.2967E-02

1.3050E-02

1.3130E-02

1.3209E-02

1.3287E-02

1.3363E-02

1.3437E-02

1.3510E-02

1.3581 E-02

1.3652E-02

1.3720E-02

1.3788E-02

1.3855E-02

1.3920E-02

1.3984E-02

1.4048E-02

0.000

0.000

0.000

0.000

0.000

0.000

4.813

6.903

9.298

11.89

14.55

17.18

19.67

21.94

23.95

25.68

27.13

28.32

29.25

29,97

30.48

30.83

31.03

31.11

31.08

30.98

30.80

30.57

30.29

29.97

29.63

29.28

28.90

28.52

28.13

27.74

27.36

26.97

26.59

26.22

25.85

25.49

25.14

24.80

24.47

24.16

23.85

23.55

23.26

22.98

22.71

22.45

22.20

21.95

21.72

RGY STOPPING CSDA * nuc ^MCS ("/A)
POWER RANGE 10"27

eV MeVg"1 cm
2

g cm"2 rad2 cm2 g"

57 1.195E+01 2.639E+00 3.865E-02 1.4171E-02 21.28

58 1.179E+01 2.723E+0O 3.968E-02 1.4231 E-02 21.07

59 1.163E+01 2.809Ë+00 4.072E-02 1.4291E-02 20.87

60 1.148E+01 2.895E+00 4.176E-02 1.4349E-02 20.68

61 1.133E+01 2.983E+00 4.280E-02 1.4406E-02 20.49

62 1.118E+01 3.072E+00 4.384E-02 1.4463E-02 20.31

63 1.104E+01 3.162E+00 4.489E-02 1.4519E-02 20.14

64 1.091 E+01 3.253E+00 4.594E-02 1.4574E-02 19.98

65 1.078E+01 3.345E+00 4.700E-02 1.4628E-02 19.82

66 1.065E+01 3.438E+00 4.805E-02 1.4682E-02 19.66

67 1.052E+01 3.533 E+00 4.911 E-02 1.4735E-02 19.51

68 1.040E+01 3.629E+00 5.018E-02 1.4787E-02 19.37

69 1.029E+01 3.725E+00 5.124E-02 1.4838E-02 19.23

70 1.017E+01 3.823E+00 5.231E-02 1.4889E-02 19.10

71 1.006E+01 3.922Ë+00 5.339E-02 1.4939E-02 18.97

72 9.950E+00 4.022Ë+00 5.446E-02 1.4988E-02 18.85

73 9.844E+00 4.123E+00 5.555E-02 1.5037E-02 18.73

74 9.740E+00 4.225E+00 5.663E-02 1.5085E-02 18.62

75 9.640E+00 4.328E+00 5.772E-02 1.5133E-02 1 X.50

76 9.541E+00 4.432E+00 5.881E-02 1.5180E-02 18,40

77 9.446E+00 4.538E+00 5.990E-02 1.5226E-02 18.29

78 9.352E+00 4.644E+00 6.100E-02 1.5272E-02 18.20

79 9.261 E+00 4.752E+00 6.210E-02 1.5318E-02 18.10

80 9.172E+00 4.860E+00 6.321 E-02 1.5362E-02 18.01

81 9.084E+00 4.970E+00 6.432E-02 1.5407E-02 17.92

82 8.999E+00 5.080E+00 6.543E-02 1.5451E-02 17.83

83 8.916E+00 5.192E+00 6.655E-02 1.5494E-02 17.75

84 8.835E+00 5.305E+00 6.767E-02 1.5537E-02 17.67

85 8.755E+00 5.418E+00 6.880E-02 1.5579E-02 17.59

86 8.678E+00 5.533E+00 6.993E-02 1.5621E-02 17.51

87 8.602E+00 5.649E+00 7.106E-02 1.5663E-02 17.44

88 8.527E+00 5.766E+00 7.219E-02 1.5704E-02 17.37

89 8.454E+00 5.883E+00 7.334E-02 1.5744E-02 17.30

90 8.383E+00 6.002E+00 7.448E-02 1.5785E-02 17.23

91 8.313E+00 6.122E+00 7.563E-02 1.5824E-02 17.17

92 8.245E+00 6.243E+00 7.678E-02 1.5864E-02 17.11

93 8.177E+00 6.364E+00 7.794E-02 1.5903E-02 17.05

94 8.112E+00 6.487E+00 7.910E-02 1.5941E-02 16.99

95 8.047E+00 6.611E+00 8.026E-02 1.5980E-02 16.93

96 7.984E+00 6.736E+00 8.143E-02 1.6017E-02 16.88

97 7.922E+00 6.X62E+00 8.260E-02 1.6055E-02 16.82

98 7.862E+00 6.988E+00 8.377E-02 1.6092E-02 16.77

99 7.802E+00 7.116E+00 8.495E-02 1.6129E-02 16.72

100 7.744E+00 7.245E+00 8.614E-02 1.6165E-02 16.67

101 7.686E+00 7.374E+00 8.732E-02 1.6201 E-02 16.63

102 7.630E+00 7.505E+00 8.851E-02 1.6237E-02 16.58

103 7.575E+00 7.636E+00 8.971 E-02 1.6273 E-02 16.54

104 7.521 E+00 7.769E+00 9.091 E-02 1.6308E-02 16.49

105 7.467E+00 7.902E+00 9.211 E-02 1.6343E-02 16.45

106 7.415E+00 8.037E+00 9.332E-02 1.6377E-02 16.41

107 7.364E+00 8.172E+00 9.453E-02 1.6411 E-02 16.37

108 7.313E+00 8.308E+00 9.574E-02 1.6445E-02 16.33

109 7.263E+00 8.445E+00 9.696E-02 1.6479E-02 16,29

110 7.215E+00 8.584E+00 9.818E-02 1.6512E-02 16.26

111 7.167E+00 8.723E+00 9.941 E-02 1.6545 E-02 16.22

56 1.212E+01 2.556E+00 3.762E-02 1.4110E-02 21.50 112 7.120E+00 8.863E+00 1.006E-01 1.6578E-02 16.19
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PROTONSIN POLYETHYLENE

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g"1 g cm"2

113 7.073E+00 9.004E+00

114 7.028E+00 9.145E+00

115 6.983E+00 9.288E+00

116 6.939E+00 9.432E+00

117 6.896E+00 9.576E+00

118 6.853E+00 9.722E+00

119 6.811E+00 9.868E+00

120 6.770E+00 1.002E+01

121 6.729E+00 1.016E+01

122 6.6X9E+00 1.031 E+01

123 6.650E+00 1.046E+01

124 6.611E+00 1.061E+01

125 6.573E+00 1.077E+01

126 6.535E+00 1.092E+01

127 6.498E+00 1.107E+01

128 6.461E+00 1.123E+01

129 6.425E+00 1.138E+01

130 6.390E+00 1.154E+01

131 6.355E+00 1.169E+01

132 6.321E+00 1.185E+01

133 6.287E+00 1.201E+01

134 6.253E+00 1.217E+01

135 6.220E+00 1.233E+01

136 6.188E+00 1.249E+01

137 6.156E+00 1.265E+01

138 6.124E+00 1.282E+01

139 6.093E+00 1.298E+01

140 6.062E+00 1.314E+01

141 6.032E+00 1.331E+01

142 6.002E+00 1.348E+01

143 5.972E+00 1.364E+01

144 5.943E+00 1.381E+01

145 5.914E+00 1.398E+01

146 5.886E+00 1.415E+01

147 5.858E+00 1.432E+01

148 5.830Ë+00 1.449E+01

149 5.803E+00 1.466E+01

150 5.776E+00 1.484E+01

151 5.749E+00 1.501E+01

152 5.723 E+00 1.518E+01

153 5.697E+00 1.536E+01

154 5.671E+00 1.553E+01

155 5.646E+00 1.571E+01

156 5.621E+00 1.589E+01

157 5.596E+00 1.607E+01

158 5.572E+00 1.625E+01

159 5.548E+00 1.643E+01

160 5.524E+00 1.661E+01

161 5.501E+00 1.679E+01

162 5.477E+00 1.697E+01

163 5.454E+00 1.715E+01

164 5.432E+00 1.734E+01

165 5.409E+00 1.752E+01

166 5.387E+00 1.771E+01

167 5.365E+00 1.789E+01

168 5.344E+00 1.808E+01

169 5.322E+00 1.827E+01

170 5.301E+00 1.845E+01

171 5.280E+00 1.864E+01

172 5.259E+00 1.883E+01

173 5.239E+00 1.902E+01

174 5.219E+00 1.922E+01

175 5.198E+00 1.941E+01

176 5.179E+00 1.960E+01

177 5.159E+00 1.979E+01

178 5.140E+00 1.999E+01

179 5.121E+00 2.018E+01

180 5.102 E+00 2.03 8 E+01

181 5.0X3E+00 2.057E+01

182 5.064E+00 2.077E+01

183 5.046E+00 2.097E+01

P„uC <rMCS (°IA)
-lu"27

rad2 cm2 g"1

1.019E-01 1.6611 E-02 16.16

1.031 E-01 1.6643E-02 16.12

1.044E-01 1.6675E-02 16.09

1.056E-01 1.6707E-02 16.06

1.068E-01 1.6738E-02 16.03

1.081 E-01 1.6769E-02 16,00

1.094E-01 1.6800E-02 15.97

1.106E-01 1.6831E-02 15.94

1.119E-01 1.6861E-02 15.92

1.131E-01 1.6892E-02 15.89

1.144E-01 1.6922E-02 15.X7

1.157E-01 1.6951E-02 15.84

1.170E-01 1.6981E-02 15.82

1.183E-01 1.7010E-02 15.79

1.195E-01 1.7039E-02 15.77

1.208E-01 1.7068E-02 15.75

1.221 E-01 1.7097E-02 15.72

1.234E-01 1.7125E-02 15.7(1

1.247E-01 1.7154E-02 15.68

1.260E-01 1.7182E-02 15.66

1.273E-01 1.7210E-02 15.64

1.286E-01 1.7237E-02 15.62

1.299E-01 1.7265 E-02 1 5.60

1.313E-01 1.7292E-02 15.58

1.326E-01 1.7319E-02 15.56

1.339E-01 1.7346E-02 15.55

1.352E-01 1.7373E-02 15.53

1.366E-01 1.7399E-02 15.51

1.379E-01 1.7426E-02 15.50

1.392E-01 1.7452E-02 15.48

1.406E-01 1.7478E-02 15.46

1.419E-01 1.7504E-02 15.45

1.433E-01 1.7529E-02 15.43

1.446E-01 1.7555E-02 15.42

1.460E-01 1.7580E-02 15.40

1.473E-01 1.7605E-02 15.39

1.487E-01 1.7630E-02 15.37

1.500E-01 1.7655E-02 15.36

1.514E-01 1.7680E-02 15.35

1.528E-01 1.7704E-02 15.33

1.541E-01 1.7729E-02 15.32

1.555E-01 1.7753E-02 15.31

1.569E-01 1.7777E-02 15.30

1.582E-01 1.7801E-02 15.28

1.596E-01 1.7825E-02 15.27

1.610E-01 1.7848E-02 15.26

1.624E-01 1.7872E-02 15.25

1.638E-01 1.7895E-02 15.24

1.652E-01 1.7918E-02 15.23

1.666E-01 1.7941E-02 15.22

1.680E-01 1.7964E-02 15.21

1.694E-01 1.7987E-02 15.20

1.708E-01 1.8010E-02 15.19

1.722E-01 1.8032E-02 15.18

1.736E-01 1.8055E-02 15.17

1.750E-01 1.8077E-02 15.16

1.764E-01 1.8099E-02 15.15

1.778E-01 1.8121E-02 15.14

1.792E-01 1.8143E-02 15.13

1.806E-01 1.8165E-02 15.12

1.821E-01 1.8186E-02 15.11

1.835E-01 1.8208E-02 15.10

1.849E-01 1.8229E-02 15.10

1.863E-01 1.8251E-02 15.09

1.878Ë-01 1.8272E-02 15.08

1.892E-01 1.8293E-02 15.07

1.906E-01 1.8314E-02 15.06

1.92) E-01 1.8335E-02 15.06

L935Ë-0) 1.8355E-02 15.05

L949E-01 1.8376E-02 15.04

1.964E-01 1.8396E-02 15.03

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVem2 g
'

g cm'2

184 5.02XE+00 2.117E+01

185 5.010E+00 2.137E+01

186 4.992E+00 2.157E+01

187 4.974E+00 2.177E+01

188 4.957E+00 2.197E+01

189 4.940E+00 2.217E+01

190 4.923E+00 2.237E+01

191 4.906E+00 2.258E+01

192 4.889E+00 2.278Ë+01

193 4.872E+00 2.299E+01

194 4.856E+00 2.319E+01

195 4.840E+00 2.340E+01

196 4.824E+00 2.361E+01

197 4.808E+00 2.381E+01

198 4.792E+00 2.402 E+01

199 4.776E+00 2.423E+01

200 4.761E+00 2.444E+01

201 4.746E+00 2.465E+01

202 4.730E+00 2.486E+01

203 4.715E+00 2.507E+01

204 4.700E+00 2.529E+01

205 4.686E+00 2.550E+01

206 4.671 E+00 2.571E+01

207 4.657E+00 2.593E+01

208 4.642E+00 2.614E+01

209 4.628E+00 2.636E+01

210 4.614E+00 2.657E+01

211 4.600E+00 2.679E+01

2)2 4.586E+00 2.701E+01

213 4.573E+00 2.723E+01

214 4.559E+00 2.745E+01

215 4.546E+00 2.767E+01

216 4.532E+00 2.789E+01

217 4.519E+00 2.811E+01

218 4.506E+00 2.833E+01

219 4.493E+00 2.855E+01

220 4.480E+00 2.877E+01

221 4.468E+00 2.900E+01

222 4.455E+00 2.922E+01

223 4.443E+00 2.945E+01

224 4.430E+00 2.967E+01

225 4.418E+00 2.990E+01

226 4.406E+00 3.012E+01

227 4.394E+00 3.035E+01

228 4.382E+00 3.058E+01

229 4.370E+00 3.081E+01

230 4.358E+00 3.104E+01

231 4.346E+00 3.127E+01

232 4.335E+00 3.150E+01

233 4.323E+00 3.173E+01

234 4.312E+00 3.196E+01

235 4.301E+00 3.219E+01

236 4.289E+00 3.243E+01

237 4.278E+00 3.266E+01

238 4.267E+00 3.289E+01

239 4.256E+00 3.313E+01

240 4.246E+00 3.336E+01

241 4.235E+00 3.360E+01

242 4.224E+00 3.384E+01

243 4.214E+00 3.407E+01

244 4.203E+00 3.431E+01

245 4.193E+00 3.455E+01

246 4.182E+00 3.479E+01

247 4.172E+00 3.503E+01

248 4.162E+00 3.527E+01

249 4 152E+00 3.551E+01

250 4.142E+00 3.575E+01

P-ur <*MCS {"IA)
10"27

rad2 cm2 g"1

1.978E-01 1.8417E-02 15.03

1.993E-01 1.8437E-02 15.02

2.007E-01 1.8457E-02 15.01

2.022E-01 1.8477E-02 15.01

2.036E-01 1.8497E-02 15.00

2.051E-01 1.8517E-02 14.99

2.065E-01 1.8537E-02 14.99

2.080E-01 1.8557E-02 14.98

2.094E-01 1.8576E-02 14.98

2.109E-01 1.8596E-02 14.97

2.124E-01 1.8615E-02 14.96

2.138E-01 1.8634E-02 14.96

2.153E-01 1.8653E-02 14.95

2.168E-01 1.8672E-02 14.95

2.182E-01 1.8691E-02 14.94

2.197E-01 1.8710E-02 14.94

2.212E-01 1.8729E-02 14.93

2.226E-01 1.8748E-02 14.92

2.241E-01 1.8766E-02 14.92

2.256E-01 1.8785E-02 14.91

2.271E-01 1.8803E-02 14.91

2.285E-01 1.8822E-02 14.90

2.300E-01 1.8840E-02 14.90

2.315E-01 1.8858E-02 14.89

2.330E-01 1.8876E-02 14,89

2.345E-01 1.8894E-02 14.89

2.359E-01 1.8912E-02 14.88

2.374E-01 1.8930E-02 14.88

2.389E-01 1.8948E-02 14.87

2.404E-01 1.8965E-02 14.87

2.419E-01 1.8983E-02 14.86

2.434E-01 1.9000E-02 14,86

2.449E-01 1.9018E-02 14.85

2.464E-01 1.9035E-02 14.85

2.479E-01 1.9052E-02 14.85

2.493E-01 1.9070E-02 14.84

2.508E-01 1.9087E-02 14.84

2.523E-01 1.9104E-02 14.83

2.538E-01 1.9121E-02 14.83

2.553E-01 1.9137E-02 14.83

2.568E-01 1.9154E-02 14.82

2.583E-01 1.9171E-02 14.82

2.598E-01 1.9188E-02 14.82

2.613E-01 1.9204E-02 14.81

2.628E-01 1.9221E-02 14.81

2.643E-01 1.9237E-02 14.81

2.658E-01 1.9254E-02 14.80

2.673E-01 1.9270E-02 14.80

2.688E-01 1.9286E-02 14.80

2.703E-01 1.9302E-02 14.79

2.718E-01 1.9318E-02 14.79

2.733E-01 1.9334E-02 14.79

2.748E-01 1.9350E-02 14.78

2.764E-01 1.9366E-02 14.78

2.779E-01 1.9382E-02 14.78

2.794E-01 1.9398E-02 14.77

2.809E-01 1.9413E-02 14.77

2.824E-01 1.9429E-02 14.77

2.839E-01 1.9445E-02 14.77

2.854E-01 1.9460E-02 14.76

2.869E-01 1.9476E-02 14.76

2.884E-01 1.9491 E-02 14.76

2.899E-01 1.9506E-02 14.75

2.914E-01 1.9521E-02 14.75

2.929E-01 1.9537E-02 14.75

2.945E-01 1.9552E-02 14.75

2.960E-01 1.9567E-02 14.74
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Appendix D: Proton Data Tables

Based on

ICRU /-values

PROTONSIN POLYSTYRENE

Density/) [g cm"3]:
Radiation length Xo [g cm"2]:
Mean ionisation energy / [eV]:

1.05

43.791

68.7 (Experimental value)

COMPOSITION:

Element

Z

A

%by weight

/[eV]

1.0079

0.07742

19.2

1

6

12.0107

0.92258

81

6

ENERGYSTOPPING

POWER

MeV MeVg
' cm2

CSDA

RANGE

gem"2 rad"

(a/A) ENERGYSTOPPING CSDA

-10"27 POWER RANGE

cm2 g"1 MeV MeVg"1 cm2 g cm"2

°mcs WA)

"1(T
rad2 cm' g"'

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

2.576E+02

1.571E+02

1.160E+02

9.302E+01

7.816E+01

6.769E+01

5.989E+01

5.382E+01

4.897E+01

4.498E+01

4.164E+01

3.881E+01

3.637E+01

3.424E+01

3.238E+01

3.072E+01

2.924E+01

2.791E+01

2.670E+01

2.561 E+01

2.461E+01

2.370E+01

2.285E+01

2.208E+01

2.135E+01

2.068E+01

2.006E+01

1.947E+01

1.893E+01

1.841E+01

1.793E+01

1.747E+01

1.704E+01

1.664E+01

1.625E+01

I.588E+01

1.554E+01

1.521E+01

1.489E+01

1.459E+01

1.430E+01

1.403E+01

1.377E+01

1.352E+01

1.328E+01

1.304E+01

1.282E+01

1.261 E+01

1.240E+01

1.220E+01

1.201E+01

1.183E+01

1.165E+01

1.14XE+01

1.132E+01

2.32XE-03

7.483E-03

1.499E-02

2.469E-02

3.647E-02

5.026E-02

6.600E-02

8.364E-02

1.031 E-01

1.245E-01

1.476E-01

1.725E-01

1.991E-01

2.275E-01

2.575E-01

2.892E-01

3.226E-01

3.576E-01

3.943E-01

4.325E-01

4.724E-01

5.138E-01

5.568E-01

6.013E-01

6.474E-01

6.950E-01

7.441 E-01

7.947E-01

8.468E-01

9.003E-01

9.554E-01

1.012E+00

1.070E+00

1.129E+00

1.190E+00

1.252E+00

1.316E+00

1.381E+00

1.44XE+00

1.515E+00

1.585E+00

1.655E+00

1.727E+00

1.X00E+00

1.875E+00

1.951 E+00

2.028E+00

2.107E+00

2.187E+00

2.268E+00

2.351 E+00

2.435E+00

2.520E+00

2.606E+00

2.694E+00

0.000E+00

O.OOOE+00

O.OOOE+00

0.000E+00

0.000E+00

0.000E+00

2.605E-05

9.376E-05

1.969E-04

3.443E-04

5.434E-04

8.003E-04

1.119E-03

1.502E-03

1.949E-03

2.459Ë-03

3.030E-03

3.658E-03

4.340E-03

5.072E-03

5.849E-03

6.668E-03

7.524E-03

8.415E-03

9.336E-03

1.029E-02

1.126E-02

1.225E-02

1.327E-02

1.430E-02

1.535E-02

1.641E-02

1.749E-02

1.858E-02

1.967E-02

2.078E-02

2.189E-02

2.301E-02

2.414E-02

2.528E-02

2.641E-02

2.756E-02

2.871E-02

2.986E-02

3.102E-02

3.218E-02

3.334E-02

3.451 E-02

3.568E-02

3.686E-02

3.804E-02

3.922E-02

4.040E-02

4.159E-02

4.278E-02

3.8552E-03

5.5100E-03

6.5702E-03

7.3622E-03

7.9997E-03

8.5359E-03

9.0002E-03

9.4106E-03

9.7789E-03

1.0113E-02

1.0420E-02

1.0704E-02

1.0967E-02

1.1214E-02

1.1446E-02

1.1665 E-02

1.1872E-02

1.2068E-02

1.2256E-02

1.2435E-02

1.2606E-02

1.2770E-02

1.2928E-02

1.3080E-02

1.3227E-02

1.3368E-02

1.3505E-02

1.3637E-02

1.3765E-02

1.3889E-02

1.4010E-02

1.4127E-02

1.4241 E-02

1.4353E-02

1.4461E-02

1.4566E-02

1.4669E-02

1.4770E-02

1.4868E-02

1.4964E-02

1.5057E-02

1.5149E-02

1.5239E-02

1.5327E-02

1.5413E-02

1.5498E-02

1.5581E-02

1.5662E-02

1.5742E-02

1.5820E-02

L5897E-02

1.5972E-02

1.6047E-02

1.6120E-02

1.6192E-02

0.000

0.000

0.000

0.000

0.000

0.000

5.185

7.437

10.01

12.81

15.68

18.51

21.19

23.64

25.80

27.67

29.24

30.51

31.52

32.29

32.84

33.22

33.43

33.52

33.49

33.37

33.18

32.93

32.63

32.30

31.93

31.54

31.14

30.73

30.31

29.89

29.47

29.06

28.65

28.25

27.85

27.47

27.09

26.73

26.37

26.03

25.69

25.37

25.06

24.76

24.47

24.19

23.91

23.65

23.40

57 1

58

59

60

61

62

63

64 1

65 9

66 9

67 9

68

69

70

71

72

73

74

75 8

76 8,

77 8,

78 8

79 8

80 8.

81

82

83

84 X

85 X.

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106 6

107

108

109

110

111

100E+01

085E+01

071E+01

057E+01

043E+01

030E+01

017E+01

004E+01

922E+00

805E+00

.690E+00

.579E+00

.471 E+00

366E+0O

263E+00

164E+00

.066E+00

.972E+00

879E+00

789E+00

701E+00

615E+00

.531 E+00

.449 E+00

370E+00

291E+00

215E+00

.140E+00

.067E+00

.996E+00

926E+O0

858E+00

791E+00

725EMK)

661E+00

598E+00

537E+00

476E+00

417E+00

359E-IO0

302E+00

247E+00

192E+00

138E+00

085E+00

034E+00

983E+00

933E+00

884E+00

836E+00

789E+00

.743E+00

697E+00

652E+00

608E+00

2.874E+00

2.965E+00

3.058E+00

3.152E+00

3.247E+00

3.344E+00

3.441 E+00

3.540E+00

3.641E+00

3.742E+00

3.844E+00

3.948E+00

4.053E+00

4.159E+00

4.267E+00

4.375E+00

4.485E+00

4.596E+00

4.708E+00

4.821E+00

4.936E+00

5.051 E+00

5.168E+00

5.285E+00

5.404E+00

5.524E+00

5.646E+00

5.768E+00

5.891E+00

6.016E+00

6.141 E+00

6.268E+00

6.396E+00

6.525E+00

6.655E+00

6.786E+00

6.918Ë+00

7.051 E+00

7.186E+00

7.321 E+00

7.457E+00

7.595E+00

7.733E+00

7.873E+00

8.014E+00

8.155E+00

8.298E+00

8.442E+00

8.586E+00

8.732E+00

8.879E+00

9.027E+00

9.176E+00

9.325E+00

9.476E+00

4.517E-02

4.637E-02

4.758E-02

4.879E-02

5.000E-02

5.121E-02

5.242E-02

5.364E-02

5.487E-02

5.609E-02

5.732E-02

5.856E-02

5.980E-02

6.104E-02

6.228E-02

6.353E-02

6.478 E-02

6.604E-02

6.730E-02

6.856E-02

6.983E-02

7.110E-02

7.237 E-02

7.365E-02

7.494E-02

7.622E-02

7.752E-02

7.881 E-02

8.011 E-02

8.141E-02

8.272E-02

8.403E-02

8.535E-02

8.667E-02

8.799E-02

8.932E-02

9.066E-02

9.199E-02

9.333E-02

9.468E-02

9.603E-02

9.738E-02

9.874E-02

1.001 E-01

1.015E-01

1.028E-01

1.042E-01

1.056E-01

1.070E-01

1.084E-01

1.098E-01

1.111E-01

1.125E-01

1.140E-01

1.154E-01

1.6332E-02

1.6400E-02

1.6468E-02

1.6534E-02

1.6599E-02

1.6664E-02

1.6727E-02

1.6790E-02

1.6851E-02

1.6912E-02

1.6972E-02

1.7031 E-02

1.7089E-02

1.7147E-02

1.7204E-02

1.7260E-02

1.7315E-02

1.7370E-02

1.7424E-02

1.7478E-02

1.7530E-02

1.75X2E-02

1.7634E-02

1.7685E-02

1.7735E-02

1.7785E-02

1.7834E-02

1.7883E-02

1.7931 E-02

1.7979E-02

1.8026E-02

1.8072E-02

1.8118E-02

1.8164E-02

1.8209E-02

1.8254E-02

1.8298E-02

1.8342E-02

1.8385E-02

1.8428E-02

1.8471E-02

1.8513E-02

1.8555E-02

1.8596E-02

1.8637E-02

1.8678E-02

1.8718E-02

1.8758E-02

1.8797E-02

1.X837E-02

1.8875E-02

1.8914E-02

1.8952E-02

1.8990E-02

1.9027E-02

22.93

22.70

22.49

22.28

22.08

21.89

21.70

21.52

21.35

21.18

21.02

20.87

20.72

20.58

20.44

20.31

20.18

20.06

19.94

19.82

19.71

19.60

19.50

19.40

19.30

19.21

19.12

19.03

18.95

18.87

18.79

18.71

18.64

18.57

18.50

18.43

18.37

18.30

18.24

18.18

18.13

18.07

18.02

17.96

17.91

17.86

17.82

17.77

17.73

17.68

17.64

17.60

17.56

17.52

17.48

56 1.116E+01 2.783E+00 4.398E-02 1.6262E-02 23.16 112 6.565E+00 9.628E+00 1.168E-01 1.9064E-02 17.44
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PROTONSIN POLYSTYRENE

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g"1 g cm"2

113 6.522E+00 9.781 E+00

114 6.4X0E+00 9.935E+00

115 6.439E+00 1.009E+01

116 6.399E+00 1.025E+01

117 6.359E+00 1.040E+01

118 6.320E+00 1.056E+01

119 6.281 E+00 1.072E+01

120 6.243E+00 1.088E+01

121 6.206E+00 1.104E+01

122 6.169E+00 1.120E+01

123 6.133E+00 1.136E+01

124 6.097E+00 1.153E+01

125 6.062E+00 1.169E+01

126 6.027E+00 1.186E+01

127 5.993E+00 1.202E+01

128 5.960E+00 1.219E+01

129 5.927E+00 1.236E+01

130 5.894E+00 1.253E+01

131 5.862E+00 1.270E+01

132 5.830E+00 1.287E+01

133 5.799E+00 1.304E+01

134 5.768E+00 1.321E+01

135 5.738E+00 1.339E+01

136 5.708E+00 1.356E+01

137 5.679E+00 1.374E+01

138 5.649E+00 1.391E+01

139 5.621E+00 1.409E+01

140 5.593E+00 1.427E+01

141 5.565E+00 1.445E+01

142 5.537E+00 1.463E+01

143 5.510E+00 1.481E+01

144 5.483E+00 1.499E+01

145 5.457E+00 1.518E+01

146 5.431E+00 1.536E+01

147 5.405E+00 1.554E+01

148 5.379E+00 1.573E+01

149 5.354E+00 1.592E+01

150 5.329E+00 1.610E+01

151 5.305E+00 1.629E+01

152 5.281 E+00 1.648E+01

153 5.257E+00 1.667E+01

154 5.233E+00 1.686E+01

155 5.210E+00 1.705E+01

156 5.187E+00 1.724E+01

157 5.164E+00 1.744E+01

158 5.142E+00 1.763E+01

159 5.120E+00 1.783 E+01

160 5.098E+00 1.802E+01

161 5.076E+00 1.822E+01

162 5.055E+00 1.842E+01

163 5.034E+00 1.861E+01

164 5.013E+00 1.881E+01

165 4.992E+00 1.901E+01

166 4.972E+00 1.921E+01

167 4.952E+00 1.942E+01

168 4.932E+00 1.962E+01

169 4.912E+00 1.982E+01

170 4.893E+00 2.003E+01

171 4.873E+00 2.023E+01

172 4.854E+00 2.044E+01

173 4.835E+00 2.064E+01

174 4.817E+00 2.085E+01

175 4.798E+00 2.106E+01

176 4.780E+00 2.127E+01

177 4.762E+00 2.148E+01

178 4.744E+00 2.169E+01

179 4.727E+00 2.190E+01

180 4.709E+00 2.211 E+01

181 4.692E+00 2.232E+01

182 4.675E+00 2.254E+01

183 4.658E+00 2.275E+01

/>„„, al,rs (alA)
10"

rad2 cm2 g"

1.182E-01 1.9101E-02 17.41

1.196E-01 1.9138E-02 17.37

1.210E-01 1.9174E-02 17.34

1.225E-01 1.9210E-02 17.30

1.239E-01 1.9246E-02 17.27

1.253E-01 1.92X1 E-02 17.24

1.268E-01 1.9316E-02 17.21

1.282E-01 1.9351E-02 17.18

1.297E-01 1.9386E-02 17.15

1.311E-01 1.9420E-02 17.12

1.326E-01 1.9454E-02 17.09

1.340E-01 1.9488E-02 17.07

1.355E-01 1.9521E-02 17.04

1.369E-01 1.9555E-02 17.02

1.384E-01 1.95XXE-02 16.99

1.399E-01 1.9620E-02 16.97

1.414E-01 1.9653E-02 16.94

1.428E-01 1.9685E-02 16.92

1.443E-01 1.9717E-02 16.90

1.458E-01 1.9749E-02 16.87

1.473E-01 1.9781E-02 16.85

1.4XXE-01 1.9X12E-02 16.83

1.503E-01 1.9843E-02 16.81

1.518E-01 1.9874E-02 16.79

1.533E-01 1.9905E-02 16.77

1.548E-01 1.9935E-02 16.75

1.563E-01 1.9966E-02 16.73

1.578E-01 1.9996E-02 16.71

1.594E-01 2.0026E-02 16.70

1.609E-01 2.0055E-02 16.68

1.624E-01 2.0085E-02 16.66

1.639E-01 2.0114E-02 16.64

1.655E-01 2.0143E-02 16.63

1.670E-01 2.0172E-02 16.61

1.685E-01 2.0201E-02 16.60

1.701E-01 2.0229E-02 16.58

1.716E-01 2.0258E-02 16.57

1.732E-01 2.0286E-02 16.55

1.747E-01 2.0314E-02 16.54

1.763E-01 2.0342E-02 16.52

1.778E-01 2.0369E-02 16.51

1.794E-01 2.0397E-02 16.49

1.809E-01 2.0424E-02 16.48

1.825E-01 2.0451E-02 16.47

1.841E-01 2.0478E-02 16.46

1.856E-01 2.0505E-02 16.44

1.872E-01 2.0532E-02 16.43

1.888E-01 2.0558E-02 16.42

1.903E-01 2.0584E-02 16.41

1.919E-01 2.0611E-02 16.40

1.935E-01 2.0637E-02 16.38

1.951E-01 2.0662E-02 16.37

1.967E-01 2.0688E-02 16.36

1.982E-01 2.0714E-02 16.35

1.998E-01 2.0739E-02 16.34

2.014E-01 2.0764E-02 16.33

2.030E-01 2.0789E-02 16.32

2.046E-01 2.0814E-02 16.31

2.062E-01 2.0839E-02 16.30

2.078E-01 2.0864E-02 16.29

2.094E-01 2.0888E-02 16.28

2.110E-01 2.0913E-02 16.27

2.126E-01 2.0937E-02 16.27

2.142E-01 2.0961 E-02 16.26

2.159E-01 2.0985E-02 16.25

2.175E-01 2.1009E-02 16.24

2.191E-01 2.1033E-02 16.23

2.207E-01 2.1056E-02 16.22

2.223 E-01 2.1080E-02 16.21

2.239E-01 2.1103E-02 16.21

2.256E-01 2.1126E-02 16.20

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g"1 g cm"2

184 4.641 E+00 2.296E+01

185 4.625E+00 2.318E+01

186 4.608E+00 2.340E+01

187 4.592E+00 2.361E+01

188 4.576E+00 2.383E+01

189 4.560E+00 2.405E+01

190 4.544E+00 2.427E+01

191 4.529E+00 2.449E+01

192 4.513E+00 2.471 E+01

193 4.498E+00 2.493E+01

194 4.483E+00 2.516E+01

195 4.468E+00 2.538E+01

196 4.453E+00 2.561E+01

197 4.439E+00 2.5 83 E+01

198 4.424E+00 2.606E+01

199 4.410E+00 2.628E+01

200 4.396E+00 2.651E+01

201 4.381E+00 2.674E+01

202 4.368E+00 2.697E+01

203 4.354E+00 2.720E+01

204 4.340E+00 2.743E+01

205 4.326E+00 2.766E+01
206 4.313E+00 2.789E+01

207 4.300E+00 2.812E+01

208 4.2X7E+00 2.835E+01

209 4.273EH10 2.X59E+01

210 4.261E+00 2.882E+01

211 4.248E+00 2.906E+01

212 4.235E+00 2.929E+01

213 4.222EI00 2.953EMH

214 4.210E+00 2.976E+01

215 4.198E+00 3.000E+01

216 4.185E+00 3.024E+01

217 4.173E+00 3.048E+01

218 4.161E+00 3.072E+01

219 4.149E+00 3.096E+01

220 4.137EM10 3.120EHH

221 4.126E+00 3.144E+01

222 4.114E+00 3.169E+01

223 4.103E+00 3.193E+01
224 4.091 E+00 3.217E+01

225 4.0X0E+00 3.242E+01

226 4.069E+00 3.267Ë+01

227 4.058E+00 3.291E+01

228 4.047E+00 3.316E+01

229 4.036E+00 3.341 E+01

230 4.025E+00 3.365E+01

231 4.014E+00 3.390E+01

232 4.003 E+00 3.415E+01

233 3.993E+00 3.440E+01

234 3.982E+00 3.465E+01

235 3.972E+00 3.490E+01

236 3.962E+00 3.516E+01

237 3.951E+00 3.541 E+01

238 3.941E+00 3.566E+01

239 3.931E+00 3.592E+01

240 3.921E+00 3.617E+01

241 3.911E+00 3.643E+01

242 3.902E+00 3.668E+01

243 3.892E+00 3.694E+01

244 3.882E+00 3.720E+01

245 3.873E+00 3.745E+01

246 3.863E+00 3.771E+01

247 3.854E+00 3.797E+01

248 3.844E+00 3.823E+01

249 3.835E+00 3.849E+01

250 3.826E+00 3.875E+01

10""

rad2 cm2 g"1

2.272E-01 2.1150E-02 16.19

2.288E-01 2.1173E-02 16.18

2.304E-01 2.1195E-02 16.18

2.321E-01 2.1218E-02 16.17

2.337E-01 2.1241E-02 16,16

2.353E-01 2.1263E-02 16.16

2.370E-01 2.12X6E-02 16.15

2.386E-01 2.1308E-02 16.14

2.402E-01 2.1330E-02 16.14

2.419E-01 2.1352E-02 16.13

2.435E-01 2.1374E-02 16.12

2.451 E-01 2.1396E-02 16.12

2.468E-01 2.1418E-02 16.11

2.484E-01 2.1439E-02 16.10

2.501E-01 2.1461E-02 16.10

2.517E-01 2.1482E-02 16.09

2.534E-01 2.1504E-02 16.09

2.550E-01 2.1525E-02 16.08

2.566E-01 2.1546E-02 16.07

2.583E-01 2.1567E-02 16.07

2.599E-01 2.1588E-02 16.06

2.616E-01 2.1608E-02 16.06

2.632E-01 2.1629E-02 16.05

2.649E-01 2.1650E-02 16.05

2.666E-01 2.1670E-02 16.04

2.682E-01 2.1691E-02 16.04

2.699E-01 2.1711E-02 16.03

2.715E-01 2.1731E-02 16.03

2.732E-01 2.1751E-02 16.02

2.748E-01 2.1771E-02 16.02

2.765E-01 2.1791E-02 16.01

2.781E-01 2.1811E-02 16.01

2.798E-01 2.1831E-02 16.01

2.815E-01 2.1850E-02 16.00

2.X31E-01 2.1870E-02 16.00

2.848E-01 2.1889E-02 15.99

2.864E-01 2.1909E-02 15.99

2.881E-01 2.1928E-02 15.98

2.898E-01 2.1947E-02 15.98

2.914E-01 2.1966E-02 15.98

2.931E-01 2.1985E-02 15.97

2.948E-01 2.2004E-02 15.97

2.964E-01 2.2023E-02 15.96

2.981E-01 2.2042E-02 15.96

2.997E-01 2.2061E-02 15.96

3.014E-01 2.2079E-02 15.95

3.031 E-01 2.2098E-02 15.95

3.047E-01 2.2116E-02 15.95

3.064E-01 2.2135E-02 15.94

3.081E-01 2.2153E-02 15.94

3.097E-01 2.2171E-02 15.93

3.114E-01 2.2189E-02 15.93

3.131E-01 2.2208E-02 15.93

3.147E-01 2.2226E-02 15.92

3.164E-01 2.2243E-02 15.92

3.180E-01 2.2261E-02 15.92

3.197E-01 2.2279E-02 15.92

3.214E-01 2.2297E-02 15.91

3.230E-01 2.2314E-02 15.91

3.247E-01 2.2332E-02 15.91

3.264E-01 2.2349E-02 15.90

3.280E-01 2.2367E-02 15.90

3.297E-01 2.2384E-02 15.90

3.313E-01 2.2401 E-02 15.89

3.33OE-01 2.2419E-02 15.89

3.347E-01 2.2436E-02 15.89

3.363E-01 2.2453E-02 15.89
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Appendix D: Proton Data Tables

Based on

ICRU /-values

PROTONSIN SCINTILLATING MIXTURE(P43+P20+BC-600)

Density p [g cm"3]:
Radiation length Xa [g cm"2]:
Mean ionisation energy / [eV]:

2.32

13.113

193.5 (Bragg additivity)

COMPOSITION: 0.48wt%P43 + 0.12wt%P20 + 0.4wt% BC-600

Element

Z

A

%by weight

7feV]

H

1

1.0079

0.03156

19.2

C

6

12.0107

.28344

81

N

7

14.0067

.01188

82

15.9994

.11369

106

S

16

32.066

.07375

203

Zn

30

65.39

.0405

373

Cd

48 1

12.411

.04641

530

Gd

64 1

57.25

.39877

668

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVg"1 cm2 g cm"2

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

1.592E+02

1.017E+02

7.702E+01

6.281 E+01

5.344E+01

4.674E+01

4.168E+01

3.771E+01

3.450E+01

3.185E+01

2.962E+01

2.771 E+01

2.605E+01

2.461 E+01

2.333E+01

2.219E+01

2.117E+01

2.025E+01

1.942E+01

1.866E+01

1.797E+01

1.733E+01

1.674E+01

1.619E+01

1.568E+01

1.521E+01

1.477E+01

1.436E+01

1.397E+01

1.360E+01

1.326E+01

1.294E+01

1.263E+01

1.234E+01

1.206E+01

1.180E+01

1.155E+01

1.132E+01

1.109E+01

1.0X7E+01

1.067E+01

1.047E+01

1.028E+01

1.010E+01

9.926E+00

9.759E+00

9.598E+00

9.443E+00

9.294E+00

9.151E+00

9.013 E+00

8.879E+00

8.750E+00

8.626E+00

8.505E+00

3.945E-03

1.206E-02

2.349E-02

3.796E-02

5.529E-02

7.535E-02

9.805E-02

1.233 E-01

1.511 E-01

1.813E-01

2.138E-01

2.488E-01

2.860E-01

3.255E-01

3.673 E-01

4.113E-01

4.574E-01

5.057E-01

5.561E-01

6.087E-01

6.633E-01

7.200E-01

7.787E-01

8.395E-01

9.023E-01

9.670E-01

1.034E+00

1.102E+00

1.173 E+00

1.246E+00

1.320E+00

1.396E+00

1.475E+00

1.555E+0O

1.637E+00

1.721E+00

1.806E+00

1.894E+00

1.983E+00

2.074E+00

2.167E+00

2.262E+00

2.358E+00

2.456E+00

2.556E+00

2.658E+00

2.761E+00

2.866E+00

2.973E+00

3.081E+00

3.191 E+00

3.303E+00

3.417E+00

3.532E+00

3.648E+00

0.000E+00

0.000E+00

0.000E+00

O.OOOE+00

0.000E+00

4.768E-07

3.743E-05

1.309E-04

2.674E-04

4.502E-04

6.810E-04

9.624 E-04

1.296E-03

1.681E-03

2.117E-03

2.601E-03

3.133E-03

3.709E-03

4.326E-03

4.983E-03

5.677E-03

6.405E-03

7.164E-03

7.952E-03

8.767Ë-03

9.607E-03

1.047E-02

1.135E-02

1.225E-02

1.317E-02

1.410E-02

1.505E-02

1.602E-02

1.699E-02

1.798E-02

1.898E-02

1.999E-02

2.101E-02

2.204E-02

2.308E-02

2.413 E-02

2.519E-02

2.626E-02

2.733E-02

2.842E-02

2.951E-02

3.060 E-02

3.170E-02

3.281 E-02

3.393E-02

3.505E-02

3.618E-02

3.732E-02

3.846E-02

3.960E-02

rad2

2.6650E-02

3.6887E-02

4.3210E-02

4.7839E-02

5.1515E-02

5.4577E-02

5.7208E-02

5.9520E-02

6.1584E-02

6.3450E-02

6.5156E-02

6.6727E-02

6.8185E-02

6.9545E-02

7.0820E-02

7.2021E-02

7.3I55E-02

7.4232E-02

7.5255E-02

7.6231E-02

7.7164E-02

7.8057E-02

7.8915E-02

7.9740E-02

8.0534E-02

8.1299E-02

8.2039E-02

8.2754E-02

8.3446E-02

8.4117E-02

8.4768E-02

8.5400E-02

8.6014E-02

8.6612E-02

8.7194E-02

8.7761E-02

8.8314E-02

8.8853E-02

8.9379E-02

8.9894E-02

9.0396E-02

9.0XXXE-02

9.1369E-02

9.1840E-02

9.2301E-02

9.2753E-02

9.3196E-02

9.3630E-02

9.4056E-02

9.4475E-02

9.4885E-02

9.5288E-02

9.5685E-02

9.6074E-02

9.6457E-02

(a/A)
10"27

cmV

0.000

0.000

0.000

0.000

0.000

0.074

5.051

7.138

9.117

10.91

12.57

14,15

15,57

16.81

17.88

18.79

19.54

20.16

20.66

21.05

21.34

21.54

21.67

21.73

21.74

21.70

21.62

21.51

21.37

21.20

21.02

20.8.1

20.65

20.46

20.27

20.08

19.89

19.70

19.51

19.32

19.14

18.95

1X.77

18.59

18.42

18.24

18.08

17.91

17.75

17.60

17.45

17.31

17.17

17.04

16.91

RGY STOPPING CSDA l/tltC

2

°MTS (a/A)
POWER RANGE 10"27

eV MeVg"' cm
•

g cm"2 rad2 cm2 g"1

57 8.276E+00 3.887E+00 4.192E-02 9.7203E-02 16.66

58 8.167E+00 4.008E+00 4.308E-02 9.7568E-02 16.53

59 8.061 E+00 4,132EM)0 4.425E-02 9.7926E-02 16.41

60 7.958E+00 4.257E+00 4.543E-02 9.8279E-02 16.30

61 7.859E+00 4.383E+00 4.661E-02 9.8627E-02 16.19

62 7.762E+00 4.511E+00 4.779E-02 9.8969E-02 16.09

63 7.668E+00 4.641E+00 4.89XE-02 9.9306E-02 15.99

64 7.577E+00 4.772E+00 5.018E-02 9.9638E-02 15.89

65 7.489E+00 4.905E+00 5.138E-02 9.9966E-02 15.79

66 7.403E+00 5.039E+00 5.259E-02 1.0029E-01 15.70

67 7.319E+00 5.175 E+00 5.380E-02 1.0061E-01 15.61

68 7.237E+00 5.312E+00 5.502E-02 1.0092E-01 15.52

69 7.158E+00 5.451E+00 5.625E-02 1.0123E-01 15.44

70 7.081 E+00 5.592E+00 5.747E-02 J.0154E-01 15.36

71 7.006E+00 5.734E+00 5.871E-02 1.0184E-01 15.28

72 6.932E+00 5.877E+00 5.995E-02 1.0214E-01 15.21

73 6.861E+00 6.022E+00 6.119E-02 1.0243E-01 15.14

74 6.791E+00 6.169E+00 6.244E-02 1.0272E-01 15.07

75 6.723E+00 6.317E+00 6.370E-02 1.0301 E-01 15.00

76 6.657E+00 6.466E+00 6.496E-02 1.0329E-01 14.93

77 6.592E+00 6.617E+00 6.623E-02 1.0357E-01 14.87

78 6.529E+00 6.769E+00 6.750E-02 1.0384E-01 14.X0

79 6.467E+00 6.923E+00 6.X77E-02 1.0412E-01 14.74

80 6.407E+00 7.079E+00 7.O05E-O2 1.0439E-01 14,68

81 6.348E+00 7.235E+00 7.134E-02 1.0465E-01 14,63

82 6.291 E+00 7.394E+00 7.263E-02 1.0492E-01 14.58

83 6.234E+00 7.553E+00 7.393 E-02 L0518E-01 14.53

84 6.179E+00 7.715E+00 7.523E-02 1.0543E-01 14.49

85 6.125E+00 7.877E+00 7.654E-02 1.0569E-01 14.44

86 6.073E+00 8.041E+00 7.786E-02 1.0594E-01 14.39

87 6.021E+00 8.206E+00 7.918E-02 1.0619E-01 14,35

XX 5.971E+00 8.373E+00 8.050E-02 1.0644E-01 14.30

89 5.921 E+00 8.541 E+00 8.183E-02 1.0668E-01 14.26

90 5.873E+00 8.711 E+00 8.316E-02 1.0692E-01 14.22

91 5.825E+00 8.882E+00 8.450E-02 1.0716E-01 14.18

92 5.779E+00 9.054E+00 8.585 E-02 1.0740 E-01 14.14

93 5.733E+00 9.228E+00 8.720E-02 1.0763E-01 14.11

94 5.689E+00 9.403E+00 8.855E-02 1.0786E-01 14.08

95 5.645E+00 9.580E+00 8.992E-02 1.0809E-01 14.04

96 5.602E+00 9.757E+00 9.128E-02 1.0832E-01 14.01

97 5.560E+00 9.937E+00 9.265E-02 1.0854E-01 13.98

98 5.518E+00 1.012E+01 9.403E-02 1.0876E-01 13.95

99 5.478E+00 1.030E+01 9.541 E-02 1.0898E-01 13.92

100 5.43 8 E+00 1.048E+01 9.680E-02 1.0920E-01 13.89

101 5.399E+00 1.067E+01 9.819E-02 1.0942E-01 13.86

102 5.361E+00 1.085E+01 9.959E-02 1.0963E-01 13.83

103 5.323E+00 1.104E+01 1.010E-01 1.0985E-01 13.81

104 5.286E+00 1.123E+01 1.024 E-01 1.1006E-01 13.78

105 5.250E+00 1.142E+01 1.038E-01 1.1026E-01 13.76

106 5.214E+00 1.161E+01 1.052E-01 1.1047E-01 13.74

107 5.179E+00 1.180E+01 1.067E-01 1.1067E-01 13.72

108 5.145E+00 1.200E+01 1.081 E-01 1.1088E-01 13.70

109 5.111E+00 1.219E+01 1.095E-01 1.1108E-01 13.68

110 5.077E+00 1.239E+01 L109E-01 1.1128E-01 13.66

111 5.045E+00 1.258E+01 1.124E-01 1.1148E-01 13.64

56 8.389E+00 3.767E+00 4.076E-02 9.6833E-02 16.78 112 5.012E+00 1.278E+01 1.138E-01 1.1167E-01 13.62
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PROTONSIN SCINTILLATING MIXTURE(P43+P20+BC-600)

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g"1 g cm"2

113 4.981 E+00 1.298E+01

114 4.950E+00 1.318E+01

115 4.919E+00 1.339E+01

116 4.889E+00 1.359E+01

117 4.859E+00 1.380E+01

118 4.830E+00 1.400E+01

119 4.801E+00 1.421E+01

120 4.773E+00 1.442E+01

121 4.745E+00 1.463E+01

122 4.718E+00 1.484E+01

123 4.691E+00 1.505E+01

124 4.664E+00 1.527E+01

125 4.638E+00 1.548E+01

126 4.612E+00 1.570E+01

127 4.587E+00 1.592E+01

128 4.562E+00 1.613E+01

129 4.537E+00 1.635E+01

130 4.513E+00 1.65SE+01

131 4.489E+00 1.680E+01

132 4.465E+00 1.702E+01

133 4.442E+00 1.725E+01

134 4.419E+00 1.747E+01

135 4.396E+00 1.770E+01

136 4.374E+00 1.793E+01

137 4.352E+00 1.816E+01

138 4.330E+00 1.839E+01

139 4.309E+00 1.862E+01

140 4.288E+00 1.885E+01

141 4.267E+00 1.908E+01

142 4.246E+00 1.932E+01

143 4.226E+00 1.955E+01

144 4.206E+00 1.979E+01

145 4.186E+00 2.003E+01

146 4.167E+00 2.027E+01

147 4.147E+00 2.051E+01

148 4.128E+00 2.075E+01

149 4.109E+00 2.099E+01

150 4.091E+00 2.124E+01

151 4.073E+00 2.148E+01

152 4.054E+00 2.173E+01

153 4.037E+00 2.198E-KH

154 4.019E+00 2.223E+01

155 4.002E+00 2.247E+01

156 3.984E+00 2.272E+01

157 3.967E+00 2.298E+01

158 3.950E+00 2.323E+01

159 3.934E+00 2.348E+01

160 3.917E+00 2.374E+01

161 3.901E+00 2.399E+01

162 3.885E+00 2.425E+01

163 3.869E+00 2.451E+01

164 3.854E+00 2.477E+01

165 3.838E+00 2.503E+01

166 3.823E+00 2.529E+01

167 3.808E+00 2.555E+01

168 3.793E+00 2.581E+01

169 3.77XE+00 2.608E+01

170 3.763E+00 2.634E+01

171 3.749E+00 2.661 E+01

172 3.735E+00 2.688E+01

173 3.721E+00 2.714E+01

174 3.707E+00 2.741E+01

175 3.693E+00 2.768E+01

176 3.679E+00 2.796E+01

177 3.666E+00 2.823E+01

178 3.652E+00 2.850E+01

179 3.639E+00 2.878E+01

180 3.626E+00 2.905E+01

1X1 3.613E+00 2.933E+01

182 3.600E+00 2.960E+01

183 3.587E+00 2.988E+01

p* °ucs ("IA)
10-"

rad2 cm2 g"1

1.153E-01 1.1187E-01 13.60

1.168E-01 1.1206E-01 13.58

1.182E-01 1.1225E-01 13.56

1.197E-01 1.1244E-01 13.54

1.211E-01 1.1263E-01 13.52

1.226E-01 1.1281E-01 13.51

1.241E-01 1.1300E-01 13.49

1.256E-01 1.1318E-01 13.47

1.271 E-01 1.1336E-01 13.46

1.2X6E-01 1.1354E-01 13.44

1.301E-01 1.1372E-01 13.43

1.316E-01 1.1390E-01 13.41

1.331E-01 1.1408E-01 13.40

1.346E-01 1.1425E-01 13.39

1.361E-01 1.1442E-01 13.37

1.376E-01 1.1460E-01 13.36

1.391E-01 1.1477E-01 13.35

1.407E-01 1.1494E-01 13.33

1.422E-01 1.1511E-01 13.32

1.437E-01 1.1527E-01 13.31

1.453E-01 1.1544E-01 13.30

1.46XE-01 1.1560E-01 13.29

1.484E-01 1.1577E-01 13.28

1.499E-01 1.1593E-01 13.26

1.515E-01 1.1609E-01 13.25

1.530E-01 1.1625E-01 13.24

1.546E-01 1.1641E-01 13.23

1.562E-01 1.1657E-01 13.22

1.577E-01 1.1673E-01 13.21

1.593E-01 1.1688E-01 13.20

1.609E-01 1.1704E-01 13.19

1.625E-01 1.1719E-01 13.18

1.640E-01 1.1734E-01 13.17

1.656E-01 1.1749E-01 13.16

1.672E-01 1.1765E-01 13.15

1.688E-01 1.1780E-01 13.15

1.704E-01 1.1794E-01 13.14

1.720E-01 1.1809E-01 13,13

1.736E-01 1.1824E-01 13.12

1.752E-01 1.1838E-01 13.11

1.768E-01 1.1853E-01 13.10

1.784E-01 1.1867E-01 13.10

1.801Ë-01 1.1882E-01 13.09

1.817E-01 1.1896E-01 13.08

1.833E-01 1.1910E-01 13.07

1.849E-01 1.1924E-01 13.06

1.865E-01 1.1938E-01 13.06

1.8X2E-01 1.1952E-01 13.05

1.898E-01 1.1966E-01 13.04

1.914E-01 1.1979E-01 13.04

1.931E-01 1.1993E-01 13.03

1.947E-01 1.2006E-01 13.02

1.963E-01 1.202OE-01 13.02

1.9X0E-01 1.2033E-01 13.01

1.996E-01 1.2047E-01 13.00

2.013E-01 1.2060E-01 13.00

2.029E-01 1.2073E-01 12.99

2.046E-01 1.2086E-01 12.99

2.062E-01 1.2099E-01 12.98

2.079E-01 1.2112E-01 12.98

2.096E-01 1.2125E-01 12.97

2.112E-01 1.2138E-01 12.96

2.129E-01 1.2150E-01 12.96

2.145E-01 1.2163E-01 12.95

2.162E-01 1.2176E-01 12.95

2.179E-01 1.2188E-01 12.94

2.195E-01 1.2200E-01 12.94

2.212E-01 1.2213E-01 12.93

2.229E-01 1.2225E-01 12.93

2.246E-01 1.2237E-01 12.92

2.262E-01 1.2249E-01 12.92

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g"1 g cm"2

184 3.575E+00 3.016E+01

185 3.562E+00 3.044E+01

186 3.550E+00 3.072E+01

187 3.538E+00 3.101E+01

188 3.526E+00 3.129E+01

189 3.514E+00 3.157E+01

190 3.502E+00 3.186E+01

191 3.490E+00 3.214E+01

192 3.479E+00 3.243E+01

193 3.467E+00 3.272E+01

194 3.456E+00 3.301E+01

195 3.445E+00 3.330E+01

196 3.434E+00 3.359E+01

197 3.422E+00 3.388E+01

198 3.412E+00 3.417 E+01

199 3.401E+00 3.447E+01
200 3.390E+00 3.476E+01

201 3.379E+00 3.506E+01

202 3.369E+00 3.535E+01

203 3.359E+00 3.565E+01

204 3.348E+00 3.595E+01

205 3.338E+00 3.625E+01

206 3.328E+00 3.655E+01

207 3.318E+00 3.685E+01

208 3.308E+00 3.715E+01

209 3.298E+00 3.745E+01

210 3.2X8E+00 3.776E+0I

211 3.279E+00 3.806E+01

212 3.269E+00 3.837E+01

213 3.260E+00 3.867E+0I

214 3.250E+00 3.898E+01

215 3.241E+00 3.929E+01

216 3.232E+00 3.960E+01

217 3.223E+00 3.991E+01

218 3.214E+00 4.022E+01

219 3.205E+00 4.053E+01

220 3.196E+00 4.084E+01

221 3.187E+00 4.115E+01

222 3.178E+00 4.147E+01

223 3.169E+00 4.178E+01

224 3.161E+00 4.210E+01

225 3.152E+00 4.242E+01

226 3.144E+00 4.273E+01

227 3.135E+00 4.305E+01

228 3.127E+00 4.337E+01

229 3.119E+00 4.369E+01

230 3.111E+00 4.401E+01

231 3.103E+00 4.434E+01

232 3.095E+00 4.466E+01

233 3.087E+00 4.498E+01

234 3.079E+00 4.531 E+01

235 3.071E+00 4.563E+01

236 3.063E+00 4.596E+01

237 3.055E+00 4.628E+01

238 3.048E+00 4.661E+01

239 3.040E+00 4.694E+01

240 3.033E+00 4.727E+01

241 3.025E+00 4.760E+01

242 3.018E+00 4.793E+01

243 3.011E+00 4.826E+01

244 3.003E+00 4.860E+01

245 2.996E+00 4.893E+01

246 2.989E+00 4.926E+01

247 2.982E+00 4.960E+01

248 2.975E+00 4.993E+01

249 2.968E+00 5.027E+01

250 2.961 E+00 5.061E+01

P,iuc <?mcs (plA)
10-27

rad2 cm2 g'1

2.279E-0) 1.2262E-01 12.91

2.296E-01 1.2274E-01 12.91

2.313E-01 1.2286E-01 12.90

2.330E-01 1.2297E-01 12.90

2.347E-01 1.2309E-01 12.89

2.363E-01 1.2321E-01 12.89

2.380E-01 1.2333E-01 12.89

2.397E-01 1.2344E-01 12.88

2.414E-01 1.2356E-01 12.88

2.431E-01 1.2368E-01 12.87

2.448E-01 1.2379E-01 12.87

2.465E-01 1.2390E-01 12.86

2.482E-01 1.2402E-01 12.86

2.499E-01 1.2413E-01 12.86

2.516E-01 1.2424E-01 12.85

2.533E-01 1.2435E-01 12.85

2.550E-01 1.2447E-01 12.84

2.567E-01 1.2458E-01 12.84

2.584E-01 1.2469E-01 12.84

2.601E-01 1.2480E-01 12.83

2.618E-01 1.2491 E-01 12.83

2.635E-01 1.2501E-01 12.83

2.652E-01 1.2512E-01 12.82

2.669E-01 1.2523E-01 12.82

2.686E-01 1.2534E-01 12.82

2.703E-01 1.2544E-01 12.81

2.720E-01 1.2555E-01 12.81

2.737E-01 1.2566E-01 12.81

2.754E-01 1.2576E-01 12.80

2.772E-01 1.2586E-01 12.80

2.789E-01 1.2597E-01 12.80

2.806E-01 1.2607E-01 12.79

2.823E-01 1.2618E-01 12.79

2.840E-01 1.2628E-01 12.79

2.857E-01 1.2638E-01 12.79

2.874E-01 1.2648E-01 12.78

2.891E-01 1.2658E-01 12.78

2.909E-01 1.2668E-01 12.78

2.926E-01 1.2678E-01 12.78

2.943E-01 1.2688E-01 12.77

2.960E-01 1.2698E-01 12.77

2.977E-01 1.2708E-01 12.77

2.994E-01 1.2718E-01 12.76

3,011 E-01 1.2728E-01 12.76

3.028E-01 1.2738E-01 12.76

3.046E-01 1.2747E-01 12.76

3.063E-01 1.2757E-01 12.75

3.080E-01 1.2767E-01 12.75

3.097E-01 1.2776E-01 12.75

3.114E-01 1.2786E-01 12.75

3.131E-01 1.2795E-01 12.75

3.148E-01 1.2805E-01 12.74

3.166E-01 1.2814E-01 12.74

3.183E-01 1.2824E-01 12.74

3.200E-01 1.2833E-01 12.74

3.217E-01 1.2842E-01 12.73

3.234E-01 1.2851E-01 12.73

3.251E-01 1.2861E-01 12.73

3.268E-01 1.2870E-01 12.73

3.285E-01 1.2879E-01 12.73

3.302E-01 1.2888E-01 12.72

3.320E-01 1.2897E-01 12.72

3.337E-01 1.2906E-01 12.72

3.354E-01 1.2915E-01 12.72

3.371E-01 1.2924E-01 12.72

3.388E-01 1.2933E-01 12.71

3.405E-01 1.2942E-01 12.71
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Appendix D: Proton Data Tables

Based on

ICRU/-values

PROTONSIN WATER

Density/) [gem3]: 1.00

Radiation length^) [g cm"2]: 36.08

Mean ionisation energy / [eV]: 75.0 (Experimental value)

COMPOSITION

Element H O

Z 1 8

A 1.0079 15.9994

%by weight .11190 .XXX10

7[cV] 19.2 106.0

MeV

1GY STOPPING CSDA p
2

"Mrs (a/A) ENERGYSTOPPING CSDA
*ttu£

2

"MCS (a/A)
POWER RANGE 10"27 POWER RANGE 10"27

V MeVg"1 cm
2

g cm"2 rad2 cmV MeV MeVg"' cm
2

g cm"2 rad2 cm2 g"

1 2.607E+02 2.305E-03 0.000E+00 4.7365E-03 0.000 57 1.122E+01 2.821E+00 4.076E-02 1.9886E-02 20.75

2 1.585E+02 7.408E-03 0.000E+00 6.7592E-03 0.000 58 1.107E+01 2.911 E+00 4.183E-02 1.9968E-02 20.52

3 1.171E+02 1.485E-02 0.000E+00 8.0544E-03 0.000 59 1.092E+01 3.002E+00 4.290E-02 2.0049E-02 20.30

4 9.399E+01 2.445E-02 0.000E+00 9.0204E-03 0.000 60 1.078E+01 3.094E+00 4.397E-02 2.0130E-02 20.09

5 7.906E+01 3.610E-02 O.OOOE+00 9.7968E-03 0.000 61 1.064E+01 3.188E+00 4.505E-02 2.0208E-02 19.90

6 6.855E+01 4.972E-02 0.00OE+0O 1.0449E-02 0.000 62 1.050E+01 3.282E+00 4.613E-02 2.0286E-02 19.73

7 6.068E+01 6.526E-02 5.728E-05 1.1013E-02 11.54 63 1.037E+01 3.378E+00 4.721 E-02 2.0363E-02 19.57

X 5.457E+01 8.267E-02 2.089E-04 1.1511E-02 17.09 64 1.025E+01 3.475 E+00 4.829E-02 2.0438E-02 19.41

9 4.967E+01 1.019E-01 4.3I4E-04 1.1958E-02 21.14 65 1.012E+01 3.573E+00 4.938E-02 2.0513E-02 19.26

10 4.564E+01 1.229E-01 7.151E-04 1.2364E-02 23.59 66 1.000E+01 3.673E+00 5.047E-02 2.0586E-02 19.10
11 4.228E+01 1.457E-01 1.049E-03 1.2736E-02 25.09 67 9.886E+00 3.773E+00 5.156E-02 2.0658E-02 18.93

12 3.941E+01 1.702Ë-01 1.430E-03 1.3080E-02 26.58 68 9.772E+00 3.875E+00 5.266E-02 2.0730E-02 18.77

13 3.694E+01 1.964E-01 1.858E-03 1.3399E-02 27.64 69 9.662E+00 3.978E+00 5.376E-02 2.0800E-02 18.62

14 3.479E+01 2.244E-01 2.328E-03 1.3698E-02 28.36 70 9.555E+00 4.082E+00 5.486E-02 2.0870E-02 18.48
15 3.290E+01 2.539E-01 2.835E-03 1.3979E-02 28.75 71 9.451E+00 4.187 E+00 5.596E-02 2.0938E-02 18.36

16 3.123E+01 2.851 E-01 3.377E-03 1.4244E-02 29.08 72 9.349E+00 4.294E+00 5.707E-02 2.1006E-02 18.24

17 2.973E+01 3.180E-01 3.952E-03 1.4495E-02 29.30 73 9.250E+00 4.401 E+00 5.818E-02 2.1073E-02 18.14

18 2.838E+01 3.524E-01 4.559E-03 1.4733E-02 29.47 74 9.154E+00 4.510E+00 5.929E-02 2.1139E-02 18.03

19 2.716E+01 3.884E-01 5.197E-03 1.4960E-02 29.58 75 9.060E+00 4.620E+00 6.041 E-02 2.1204E-02 17.92

20 2.605E+01 4.260E-01 5.864E-03 1.5176E-02 29.69 76 8.968E+00 4.731E+00 6.153E-02 2.1268E-02 17.X1

21 2.504E+01 4.652E-01 6,56) E-03 1.5383E-02 29.75 77 8.878E+00 4.843E+00 6.265 E-02 2.1332E-02 17.69
22 2.411E+01 5.059E-01 7.2X5E-03 1.5582E-02 29.75 78 8.791E+00 4.956E+00 6.378E-02 2.1395E-02 17.57

23 2.326E+01 5.481E-01 8.035E-03 1.5773E-02 29.69 79 8.705E+00 5.070E+00 6.491 E-02 2.1457E-02 17.46

24 2.247E+01 5.919E-01 8.810E-03 1.5957E-02 29.58 80 8.622E+00 5.186E+00 6.604E-02 2.1519E-02 17.37

25 2.174E+01 6.371 E-01 9.606E-03 1.6134E-02 29.42 81 8.541E+00 5.302E+00 6.718E-02 2.1579E-02 17.30

26 2.106E+01 6.839E-01 1.042E-02 1.6305E-02 29.19 82 8.461E+00 5.420E+00 6.832E-02 2.1639E-02 17.24

27 2.042E+01 7.321 E-01 1.126E-02 1.6470E-02 28.92 83 8.383E+00 5.538E+00 6.946E-02 2.1699E-02 17.19

28 1.983 E+01 7.818E-01 1.211 E-02 1.6630E-02 28.58 84 8.307E+00 5.65XE+00 7.062E-02 2.1757E-02 17.15

29 1.927E+01 8.330E-01 1.297E-02 1.6785E-02 28.20 85 8.233E+00 5.779E+00 7.177E-02 2.1815E-02 17.09

30 1.875E+01 8.856E-01 1.3X5E-02 1.6935E-02 27.81 86 8.160E+00 5.901E+00 7.294E-02 2.1873E-02 17.03

31 1.826E+01 9.396E-01 1.473 E-02 1.70X1 E-02 27.42 87 8.089E+00 6.024E+00 7.410E-02 2.1930E-02 16.95

32 1.780E+01 9.951 E-01 1.563E-02 1.7223E-02 27.06 X8 8.019E+00 6.148E+00 7.527E-02 2.1986E-02 16.88

33 1.736E+01 1.052E+00 1.654E-02 1.7361E-02 26.73 X9 7.951 E+00 6.274E+00 7.645E-02 2.2042E-02 16.81

34 1.695E+01 1.110E+00 1.745E-02 1.7495E-02 26.43 90 7.885E+00 6.400E+00 7.763E-02 2.2097E-02 16.76

35 1.656E+01 1.170E+00 1 .X3XE-02 1.7626E-02 26.14 91 7.819E+00 6.527E+00 7.881E-02 2.2151E-02 16.72

36 1.618E+01 1.231 E+00 1.932E-02 1.7753E-02 25.88 92 7.755E+00 6.656E+00 8.000E-02 2.2205E-02 16.70

37 1.583E+01 1.294E+00 2.027E-02 1.7877E-02 25.64 93 7.692E+00 6.785E+00 X.120E-02 2.2259E-02 16.68

38 1.550E+01 1.357E+00 2.123E-02 1.7999E-02 25.40 94 7.631 E+00 6.916E+00 8.240E-02 2,2311 E-02 16.67

39 1.518E+01 1.423E+00 2.220E-02 1.8117E-02 25.16 95 7.571E+00 7.047E+00 X.361E-02 2.2364E-02 16.65

40 1.487E+01 1.4X9E+00 2.318E-02 1.8233E-02 24.92 96 7.512E+00 7.180E+00 8.483E-02 2.2416E-02 16.62

41 1.458E+01 1.557E+00 2.418E-02 1.8347E-02 24.67 97 7.454E+00 7.314E+00 8.605E-02 2.2467E-02 16.59

42 1.430E+01 1.626E+00 2.517E-02 1.8457E-02 24.41 98 7.397E+00 7.448E+00 8.728E-02 2.2518E-02 16.55

43 1.403E+01 1.697E+00 2.618E-02 1.8566E-02 24.14 99 7.341 E+00 7.584E+00 8,851 E-02 2.2568E-02 16,51

44 1.378E+01 1.769E+00 2.719E-02 1.8672E-02 23.86 100 7.2X6E+00 7.721E+00 8.975E-02 2.2618E-02 16.48

45 1.353E+01 1.842E+00 2.821E-02 1.8776E-02 23.59 101 7.233E+00 7.858E+00 9.099E-02 2.2667E-02 16.46

46 1.330E+01 1.917E+00 2.923E-02 1.8878E-02 23.31 102 7.180E+00 7.997E+00 9.224E-02 2.2716E-02 16.44

47 1.307E+01 1.993E+00 3.026E-02 1.8978E-02 23.03 103 7.128E+00 8.137E+00 9.350E-02 2.2765E-02 16.43

48 1.285E+01 2.070E+00 3.129E-02 1.9077E-02 22.76 104 7.078 E+00 8.278E+00 9.476E-02 2.2813E-02 16.42

49 1.265E+01 2.148E+00 3.232E-02 1.9173E-02 22.50 105 7.028E+00 8.420E+00 9.603E-02 2.2861 E-02 16.42

50 1.244E+01 2.228E+00 3.336E-02 1.9268E-02 22.25 106 6.979E+00 8.562E+00 9.730E-02 2.2908E-02 16.42

51 1.225E+01 2.309E+00 3.441 E-02 1.9360E-02 22.03 107 6.931 E+00 8.706E+00 9.858E-02 2.2955E-02 16.42

52 1.206E+01 2.391E+00 3.546E-02 1.9452E-02 21.82 108 6.883E+00 8.851E+00 9.987E-02 2.3001 E-02 16.42

53 1.188E+01 2.475E+00 3.651E-02 1.9541E-02 21.61 109 6.837E+00 8.997E+00 1.012E-01 2.3047E-02 16,43

54 1.171E+01 2.559E+00 3.757E-02 1.9630E-02 21.41 110 6.791 E+00 9.144E+00 1.025 E-0) 2.3093 E-02 16.43

55 1.154E+01 2.646E+00 3.863E-02 1.9716E-02 21.20 111 6.746E+00 9.291 E+00 1.038E-01 2.3138E-02 16.43

56 1.138E+01 2.733E+00 3.969 E-02 1.9802E-02 20.98 112 6.702E+00 9.440E+00 1.051 E-01 2.3183E-02 16.43
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ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVera2 g"1 g cm"2

113 6.659E+00 9.590E+00

114 6.616E+00 9.740E+00

115 6.574E+00 9.892E+00

116 6.533E+00 1.004E+01

117 6.492E+00 1.020E+01

118 6.452E+00 1.035E+01

119 6.413E+00 1.051E+01

120 6.374E+00 1.066E+01

121 6.336E+00 1.082E+01

122 6.299E+00 1.098E+01

123 6.262E+00 1.114E+01

124 6.226E+00 1.130E+01

125 6.190E+00 1.146E+01

126 6.154E+00 1.162E+01

127 6.120E+00 1.179E+01

128 6.086E+00 1.195E+01

129 6.052E+00 1.211E+01

130 6.019E+00 1.228E+01

131 5.986E+00 1.245E+01

132 5.954E+00 1.261 E+01

133 5.922E+00 1.278E+01

134 5.890E+00 1.295E+01

135 5.859E+00 1.312E+01

136 5.829E+00 1.329E+01

137 5.799E+00 1.347E+01

138 5.769E+00 1.364E+01

139 5.740E+00 1.381E+01

140 5.711E+00 1.399E+01

141 5.6X3 E+00 1.416E+01

142 5.655E+00 1.434E+01

143 5.627E+00 1.452E+01

144 5.600E+00 1.469E+01

145 5.573E+00 1.487E+01

146 5.546E+00 1.505E+01

147 5.520E+00 1.523E+01

148 5.494E+00 1.541E+01

149 5.468E+00 1.560E+01

150 5.443E+00 1.578E+01

151 5.418E+00 1.596E+01

152 5.393E+00 1.615E+01

153 5.369E+00 1.634E+01

154 5.345E+00 1.652E+01

155 5.321 E+00 1.671E+01

156 5.298E+00 1.690E+01

157 5.275E+00 1.709E+01

158 5.252E+00 1.728E+01

159 5.229E+00 1.747E+01

160 5.207E+00 1.766E+01

161 5.185E+00 1.785E+01

162 5.163E+00 1.805E+01

163 5.142E+00 1.824E+01

164 5.120E+00 1.843E+01

165 5.099E+00 1.863E+01

166 5.078E+00 1.883E+01

167 5.058E+00 1.902E+01

168 5.038E+00 1.922E+01

169 5.017E+00 1.942E+01

170 4.998E+00 1.962E+01

171 4.978E+00 1.982E+01

172 4.958E+00 2.002E+01

173 4.939E+00 2.022E+01

174 4.920E+00 2.043E+01

175 4.901E+00 2.063E+01

176 4.883E+00 2.084E+01

177 4.865E+00 2.104E+01

178 4.846E+00 2.125E+01

179 4.828E+00 2.145E+01

180 4.811E+00 2.166E+01

181 4.793E+00 2.187E+01

182 4.776E+00 2.208E+01

183 4.758E+00 2.229E+01

PROTONS

p** alics WA)
10""

rad2 cm2 g"1

1.064E-01 2.3227E-02 16.42

1.078E-01 2.3271 E-02 16.42

1.091E-01 2.3315E-02 16.41

1.104E-01 2.3359E-02 16.40

1.118E-01 2.3402E-02 16.39

1.131E-01 2.3444E-02 16.38

1.145E-01 2.3487E-02 16.38

1.159E-01 2.3529E-02 16.37

1.172E-01 2.3570E-02 16.37

1.186E-01 2.3612E-02 16.37

1.200E-01 2.3653E-02 16.37

1.214E-01 2.3694E-02 16.37

1.228E-01 2.3734E-02 16.37

1.242E-01 2.3774E-02 16.37

1.256E-01 2.3814E-02 16.37

1.270E-01 2.3853E-02 16.37

1.284E-01 2.3893E-02 16.37

1.298E-01 2.3932E-02 16.37

1.313E-01 2.3970E-02 16.37

1.327E-01 2.4009E-02 16.37

1.341E-01 2.4047E-02 16.37

1.356E-01 2.4085E-02 16.37

1.370E-01 2.4122E-02 16.37

1.385E-01 2.4159E-02 16.37

1.399E-01 2.4196E-02 16.37

1.414E-01 2.4233E-02 16.37

1.429E-01 2.4270E-02 16.37

1.444E-Û1 2.4306E-02 16.37

1.458E-01 2.4342E-02 16.37

1.473E-01 2.4378E-02 16.37

1.488E-01 2.4413E-02 16.37

1.503E-01 2.4449E-02 16.37

1.518E-01 2.4484E-02 16.37

1.533 E-01 2.4519E-02 16.37

1.548E-01 2.4553E-02 16.37

1.563E-01 2.4588E-02 16.37

1.578E-01 2.4622E-02 16.37

1.594E-01 2.4656E-02 16.37

1.609E-01 2.4690E-02 16.37

1.624E-01 2.4723E-02 16.37

1.640E-01 2.4756E-02 16.37

1.655E-01 2.4789E-02 16.37

1.670E-01 2.4822E-02 16.37

1.686E-01 2.4855E-02 16.37

1.701 E-01 2.4888E-02 16.37

1.717E-01 2.4920E-02 16.37

1.732E-01 2.4952E-02 16.37

1.748E-01 2.4984E-02 16.37

1.764E-01 2.5016E-02 16.37

1.779E-01 2.5047E-02 16.37

1.795E-01 2.5078E-02 16.37

1.811E-01 2.5110E-02 16.37

1.827E-01 2.5141E-02 16.37

1.842E-01 2.5171E-02 16.37

1.858E-01 2.5202E-02 16.37

1.X74E-01 2.5232E-02 16.37

1.890Ë-01 2.5263E-02 16,37

1.906E-01 2.5293E-02 16.37

1.922E-01 2.5323E-02 16.37

1.93XE-01 2.5352E-02 16.37

1.954E-01 2.5382E-02 16.37

1.970E-01 2.5411E-02 16.37

1.986E-01 2.5441 E-02 16.37

2.002E-01 2.5470E-02 16.37

2.019E-01 2.5499E-02 16.37

2.035E-01 2.5527E-02 16.37

2.051 E-01 2.5556E-02 16.37

2.067E-01 2.5585E-02 16.37

2.084E-01 2.5613E-02 16.37

2.100E-01 2.5641E-02 16.37

2.116E-01 2.5669E-02 16.37

I WATER

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g"1 g cm"2

184 4.741 E+00 2.250E+01

185 4.724E+00 2.271 E+01

1X6 4.70XE+00 2.292E+01

187 4.691E+00 2.313E+01

1XX 4.675E+00 2.335E+01

1X9 4.659E+00 2.356E+01

190 4.643E+00 2.378E+01

191 4.627E+00 2.399E+01

192 4.611E+00 2.421E+01

193 4.595E+00 2.443E+01

194 4.580E+00 2.464E+01

195 4.565E+00 2.486E+01

196 4.550E+00 2.50XE+01

197 4.535E+00 2.530E+01

198 4.520E+00 2.552E+01

199 4.505E+00 2.575E+01

200 4.491E+00 2.597E+01

201 4.476E+00 2.619E+01

202 4.462E+00 2.641E+01

203 4.448E+00 2.664E+01

204 4.434E+00 2.6X6E+01

205 4.420E+00 2.709E+01
206 4.407E+00 2.732E+01

207 4.393E+00 2.754E+01

208 4.380E+00 2.777E+01

209 4.366E+00 2.800E+01

210 4.353E+00 2.823E+01

211 4.340E+00 2.846E+01

212 4.327E+00 2.869E+01

213 4.314E+00 2.892E+01

214 4.301E+00 2.915E+01

215 4.289E+00 2.939E+01

216 4.276E+00 2.962E+01

217 4.264E+00 2.986E+01

218 4.252E+00 3.009E+01

219 4.240E+00 3.033EH)1

220 4.227E+00 3.056Ë+01

221 4.216E+00 3.080E+01

222 4.204E+00 3.104E+01

223 4.192E+00 3.127E+01

224 4.1X0E+00 3.151E+01

225 4.169E+00 3.175E+01

226 4.157E+00 3.199E+01

227 4.146E+00 3.223E+01

228 4.135E+00 3.248E+01

229 4.124E+00 3.272E+01

230 4.113E+00 3.296E+01

231 4.102E+00 3.320E+01

232 4.091E+00 3.345E+01

233 4.080E+00 3.369E+01

234 4.069E+00 3.394E+01

235 4.059E+00 3.418E+01

236 4.048E+00 3.443Ë+01

237 4.038E+00 3.468E+01

238 4.027E+00 3.493E+01

239 4.017E+00 3.518E+01

240 4.007E+00 3.542E+01

241 3.997E+00 3.567E+01

242 3.987E+00 3.592E+01

243 3.977E+00 3.618E+01

244 3.967E+00 3.643E+01

245 3.957E+00 3.668E+01

246 3.948E+00 3.693E+01

247 3.938E+00 3.719E+01

248 3.929E+00 3.744E+01

249 3.919E+00 3.770E+01

250 3.910E+00 3.795E+01

Pmtc °V« (alA)
10"

i2 2 -1
rad em g

2.132E-01 2.5697E-02 16.37

2.149E-01 2.5725E-02 16.37

2.165E-01 2.5752E-02 16.37

2.182E-01 2.5780E-02 16.37

2.198E-01 2.5807E-02 16.37

2.215E-01 2.5834E-02 16.37

2.231 E-01 2.5861 E-02 16.37

2.248E-01 2.5888E-02 16.37

2.264E-01 2.5914E-02 16.37

2.281 E-01 2.5941E-02 16.37

2.297E-01 2.5968E-02 16.37

2.314E-01 2.5994E-02 16.37

2.330E-01 2.6020E-02 16.37

2.347E-01 2.6046E-02 16.37

2.364E-01 2.6072E-02 16.37

2.380E-01 2.6098E-02 16.37

2.397E-01 2.6123E-02 16.37

2.414E-01 2.6149E-02 16.37

2.431E-01 2.6174E-02 16.37

2.447E-01 2.6200E-02 16.37

2.464E-01 2.6225E-02 16.37

2.481E-01 2.6250E-02 16.37

2.498E-01 2.6275E-02 16.37

2.514E-01 2.6300E-02 16.37

2.531E-01 2.6324E-02 16.37

2.548E-01 2.6349E-02 16.37

2.565E-01 2.6373E-02 16.37

2.582E-01 2.6398E-02 16.37

2.599E-01 2.6422E-02 16.37

2.615E-01 2.6446E-02 16.37

2.632E-01 2.6470E-02 16.37

2.649E-01 2.6494E-02 16.37

2.666E-01 2.6518E-02 16.37

2.683E-01 2.6541E-02 16.37

2.700E-01 2.6565E-02 16.37

2.717E-01 2.6588E-02 16.37

2.734E-01 2.6612E-02 16.37

2.751E-01 2.6635E-02 16.37

2.768E-01 2.6658E-02 16.37

2.785E-01 2.6681E-02 16.37

2.802E-01 2.6704E-02 16.37

2.819E-01 2.6727E-02 16.37

2.836E-01 2.6750E-02 16.37

2.853E-01 2.6772E-02 16.37

2.870E-01 2.6795E-02 16.37

2.887E-01 2.6817E-02 16.37

2.904E-01 2.6840E-02 16.37

2.921E-01 2.6862E-02 16.37

2.938E-01 2.6884E-02 16.37

2.955E-01 2.6906E-02 16.37

2.972E-01 2.6928E-02 16,37

2.989E-01 2.6950E-02 16.37

3.006E-01 2.6972E-02 16.37

3.023E-01 2.6993E-02 16.37

3.040E-01 2.7015E-02 16.37

3.057E-01 2.7037E-02 16.37

3.074E-01 2.7058E-02 16.37

3.091 E-01 2.7079E-02 16.37

3.108E-01 2.7101E-02 16.37

3.125E-01 2.7122E-02 16.37

3.142E-01 2.7143E-02 16.37

3.159E-01 2.7164E-02 16.37

3.176E-01 2.7185E-02 16,37

3.193E-01 2.7205E-02 16.37

3.210E-01 2.7226E-02 16.37

3.227E-01 2.7247E-02 16.37

3.244E-01 2.7267E-02 16,37

183



Appendix D: Proton Data Tables

Based on

ICRU/-values

PROTONSIN ZINC-CADMIUMSULFIDE ((Zn,Cd)S)

Density p [g cm ]:
Radiation lengthXt, [g cm"2]:
Mean ionisation energy I [eV]:

4.35

11.864

352.6 (Bragg additivity)

COMPOSITION:

Element

Z

A

%by weight

/Te VI

S

16

32.066

0.2758

203

Zn

30

65.39

0.33746

373

Cd

48

112.411

0.38674

530

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVg"1 em2 g cm"2 rad2

(a/A) ENERGYSTOPPING CSDA

10"27 POWER RANGE

cm2 g"' MeV MeVg"1 cm2 g cm"2

aMcs ("IA)
-10"27

rad2 ein2 g'1

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

37

38

39

40

41

42

43

44

45

16 1

17 1

18 1

19 1

20 1

21 1

22 1

23 1

24 1

25 1

26 1

27 1

28 1

29 1

30 1

31 1

32 1

33 1

34 1

35 1

36 1

46 8.

47 8,

48 8,

49

50

51

52

53

54

55

137E+02

710E+01

003E+01

985E+01

296E+01

795E+01

410E+01

104E+01

855E+01

647E+01

471E+01

320E+01

188E+01

072E+01

970E+01

.878E+01

.795E+01

•720E+01

.652E+01

.590E+01

.533 E+01

.481 E+01

.432E+01

.387E+01

•345E+01

.306E+01

.269E+01

.235E+01

.203E+01

.172E+01

.144E+01

.116E+01

.091 E+01

.067E+01

.043E+01

.021E+01

001E+01

805E+00

615E+00

433E+00

259E+00

092E+00

932E+00

779E+00

632E+00

490E+00

354E+00

223E+00

096E+00

975E+00

.857E+00

744E+00

634E+00

528E+00

425E+00

5.879E-03

1.683 E-02

3.168 E-02

5.006E-02

7.175E-02

9.657E-02

1.244E-01

1.552E-01

1.888E-01

2.252E-01

2.644E-01

3.061E-01

3.506E-01

3.975E-01

4.471 E-01

4.991 E-01

5.536E-01

6.105E-01

6.698E-01

7.315E-01

7.956E-01

8.619E-01

9.306E-01

1.002E+00

1.075E+00

1.150E+00

1.228E+00

1.308E+00

1.390E+00

1.474E+00

1.561E+00

1.649E+00

1.740E+00

1.832E+00

1.927E+00

2.024E+00

2.123E+00

2.224E+00

2.327E+00

2.432E+00

2.539E+00

2.648E+00

2.759E+00

2.872E+00

2.987E+00

3.104E+00

3.222E+00

3.343E+00

3.466E+00

3.590E+00

3.716E+00

3.845E+00

3.975E+00

4.107E+00

4.240E+00

O.OOOE+00

O.OOOE+00

O.000E+O0

O.OOOE+00

0.000E+00

4.888E-06

6.562E-05

2,043 E-04

3.971E-04

6.444E-04

9.450E-04

1.297E-03

1.697E-03

2.142E-03

2.631E-03

3.158E-03

3.723E-03

4.323E-03

4.956E-03

5.619E-03

6.311E-03

7.031E-03

7.776E-03

8.546E-03

9.339E-03

1.015E-02

1.099E-02

1.184E-02

1.272E-02

1.361 E-02

1.451 E-02

1.543E-02

1.636E-02

1.731 E-02

1.827E-02

1.924E-02

2.023E-02

2.123E-02

2.224E-02

2.326E-02

2.429E-02

2.533E-02

2.638E-02

2.744E-02

2.852E-02

2.960E-02

3.070E-02

3.180E-02

3.291E-02

3.403E-02

3.517E-02

3.631E-02

3.746E-02

3.861E-02

3.978E-02

4.6333E-02

6.2400E-02

7.2035E-02

7.8987E-02

8.4461E-02

8.8993E-02

9.2871E-02

9.6267E-02

9.9292E-02

1.0202E-01

1.0451E-01

1.0681E-01

1.0893E-01

1.1091E-01

1.1276E-01

1.1450E-01

1.1615E-01

1.1771E-01

1.1919E-01

1.2061E-01

1.2196E-01

1.2325E-01

1.2449E-01

1.2569E-01

1.2683E-01

1.2794E-01

1.2901 E-01

1.3004E-01

1.3104E-01

1.3201E-01

1.3295E-01

1.3386E-01

1.3475E-01

1.3561E-01

1.3645E-01

1.3727E-01

1.3806E-01

1.3884E-01

1.3960E-01

1.4034E-01

1.4106E-01

1.4177E-01

1.4246E-01

1.4314E-01

1.4381E-01

1.4446E-01

1.4509E-01

1.4572E-01

1.4633E-01

1.4693E-01

1.4752E-01

1.4810E-01

1.4867E-01

1.4923E-01

1.4978E-01

0.000

0.000

0.000

0,000

0.000

0.613

6.333

8,527

10,44

12,07

13.42

14.52

15.41

16.12

16.68

17.1(1

17.43

17.69

17.88

18.01

18.09

18.J4

18.16

18.15

18.12

18.06

18.00

17.93

17.84

17.70

17.54

17.41

17.31

17.2(1

17.08

16.96

16.83

16.69

16.56

16.44

16.32

16.21

16.11

16.01

15.91

15.82

15.72

15.63

15.54

15.45

15.36

15.27

15.19

15.12

15.04

57

58

59

60

61

62 6

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

.230E+00

137E+00

046E+00

959E+00

874E+00

791E+00

711E+00

633E+00

557E+00

484E+00

.412E+00

342E+00

274E+00

208E+00

144E+00

081E+00

020E+00

960E+00

901E+00

844E+00

789E+00

734E+00

681E+00

.630E+00

.579E+00

529E+00

481E+00

433E+00

387E+00

342E+00

.297E+00

254E+00

.211 E+00

169E+00

128E+00

088E+00

049EH 00

010E+00

973E+00

935E+00

.899E+00

863E+00

828E+00

.794E+00

760E+00

727E+00

694E+00

662E+00

.631E+00

600E+00

570E+00

540E+00

511E+00

.482E+00

454E+00

4.513 E+00

4.652E+00

4.794E+00

4.936E+00

5.081E+00

5.227E+00

5.375E+00

5.525E+00

5.677E+00

5.830E+00

5.985E+00

6.142 E+00

6.301 E+00

6.461 E+00

6.623E+00

6.787E+00

6.952E+00

7.119E+00

7.287E+00

7.458E+0O

7.630E-I00

7.803E+00

7.978E+00

8.155E+00

8.334E+0O

8.514E+00

8.695E+00

8.879E+00

9.063E+00

9.250E+00

9.438E+00

9.627E+00

9.819E+00

1.001E+01

1.021E+01

1.040E+01

1.060 E+01

1.080E+01

1.100E+01

1.120E+01

1.140E+01

1.161E+01

1.181E+01

1.202E+01

1.223E+01

1.244E+01

1.265EK11

1.287E+01

1.308E+01

1.330E+01

1.352E+01

1.374E+01

1.396E+01

1.418E+01

1.440E+01

4.214E-02

4.334E-02

4.454E-02

4.575E-02

4.697E-02

4.819E-02

4.943E-02

5.067E-02

5.192E-02

5.317E-02

5.444E-02

5.571E-02

5.699E-02

5.827E-02

5.957E-02

6.087E-02

6.217E-02

6.349E-02

6.481 E-02

6.613E-02

6.747E-02

6.881 E-02

7.016E-02

7.151 E-02

7.287E-02

7.423E-02

7.561 E-02

7.699E-02

7.837E-02

7.976E-02

8.116E-02

8.256E-02

8.397E-02

8.538E-02

8.6X0E-02

X.X23E-02

8.966E-02

9.110E-02

9.254E-02

9.399E-02

9.544E-02

9.690E-02

9.837E-02

9.984E-02

1.013E-01

1.02XE-01

1.043E-01

1.058E-01

1.073E-01

1.088E-01

1.103E-01

1.118E-01

1.133E-01

1.148E-01

1.164E-01

1.5086E-01

1.5138E-01

1.5190E-01

1.5240E-01

1.5290E-01

1.5339E-01

1.5388E-01

1.5436E-01

1.5483E-01

1.5529E-01

1.5575E-01

1.5620E-01

1.5664E-01

1.5708E-01

1.5752E-01

1.5794E-01

1.5837E-01

1.5878E-01

1.5919E-01

1.5960E-01

1.6000E-01

1.6040E-01

1.6079 E-01

1.6117E-01

1.6156E-01

1.6193E-01

1.6231 E-01

1.6268E-01

1.6304E-01

1.6340E-01

1.6376E-01

1.6411E-01

1.6446E-01

1.6481 E-01

1.6515E-01

1.6549E-01

1.6583E-01

1.6616E-01

1.6649E-01

1.6681 E-01

1.6713E-01

1.6745E-01

1.6777E-01

1.6808E-01

1.6839E-01

1.6870E-01

1.6900E-01

1.6930E-01

1.6960E-01

1.6990E-01

1.7019E-01

1.7048E-01

1.7077E-01

1.7106E-01

1.7134E-01

14.90

14.83

14.77

14.70

14.63

14.57

14.51

14,45

14.39

14.33

14.27

14.21

14.16

14.11

14.06

14.01

13.96

13.91

13.87

13.82

13.78

13.74

13.69

13.65

13.61

13.58

13.54

13.50

13.46

13.43

13.39

13.36

13.33

13.30

13.26

13.23

13.21

13.18

13.15

13.12

13.10

13.07

13.05

13.02

13.00

12.97

12.95

12.93

12.91

12.89

12.X7

12.85

12.83

12.81

12.79

56 7.326E+00 4.376E+00 4.096E-02 1.5032E-01 14.97 112 4.426E+00 1.463E+01 1.179E-01 1.7162E-01 12.77

184



PROTONSIN ZINC-CADMIUMSULFIDE ((Zn,Cd)S)

RGY STOPPING CSDA p
' nue aMCS (a/A) ENERGYSTOPPING CSDA P„»,

2

"MCS (a/A)
POWER RANGE 10"27 POWER RANGE -IG""

V MeVcm g" gern"2 rad2 cm2 g"1 MeV MeVcm2 g'
1 gem'2 rad2 2 -

cm g

113 4.398E+00 1.486E+01 1.194E-01 1.7190E-01 12.75 184 3.175E+00 3.424E+01 2.376E-01 1.8728E-01 12.10

114 4.371E+00 1.508E+01 1.210E-01 1.7217E-01 12.74 185 3.164E+00 3.456E+01 2.393E-01 1.8745E-01 12.10

115 4.345E+00 1.531E+01 1.225E-01 1.7245E-01 12.72 186 3.154 E+00 3.488E+01 2.411 E-01 1.8763E-01 12.09

116 4.319E+00 1.555E+01 1.241E-01 1.7272E-01 12.70 187 3.143EKH) 3.519E+01 2.429E-01 1.8780E-01 12.09

117 4.293E+00 1.578E+01 1.256E-01 1.7299E-01 12.69 188 3.133E+00 3.551 E+01 2.446E-01 1.8797E-01 12.08

118 4.268E+00 1.601 E+01 1.272E-01 1.7326E-01 12.67 189 3.122E+00 3.583E+01 2.464E-01 1.8813E-01 12.08

119 4.243E+00 1.625E+01 1.287E-01 1.7352E-01 12.65 190 3.112E+00 3.615E+01 2.481 E-01 1.8830E-01 12.07

120 4.2I8E+00 1.648E+01 1.303E-01 1.7378E-01 12.64 191 3.102E+00 3.647E+01 2.499E-01 1.8847E-01 12.07

121 4.194E+00 1.672E+01 1.319E-01 1.7404E-01 12.62 192 3.092E+00 3.680E+01 2.516E-01 1.8863E-01 12.07

122 4.170E+00 1.696E+01 1.334E-01 1.7430E-01 12.61 193 3.081E+00 3.712E+01 2.534E-01 1.8880E-01 12.06

123 4.147E+00 1.720E+01 1.350E-01 1.7456E-01 12.59 194 3.072E+00 3.745E+01 2.552E-01 1.8896E-01 12.06

124 4.124E+00 1.744E+01 1.366E-01 1.7481 E-01 12.58 195 3.062E+00 3.777E+01 2.569E-01 1.8913E-01 12.05

125 4.101 E+00 1.768E+01 1.382E-01 1.7506E-01 12.57 196 3.052E+00 3.810E+01 2.587E-01 1.8929E-01 12.05

126 4.079E+00 1.793Ë+01 1.398E-01 1.7532E-01 12.55 197 3.042E+00 3.843E+01 2.604E-01 1.8945E-01 12.05

127 4.057E+00 1.818E+01 1.414E-01 1.7556E-01 12.54 198 3.033E+00 3.876E+01 2.622E-01 1.8961E-01 12.04

128 4.035E+00 1.842E+01 1.430E-01 1.7581E-01 12.53 199 3.023E+00 3.909E+01 2.640E-01 1.8977E-01 12.04

129 4.013E+00 1.867E+01 1.446E-01 1.7606E-01 12.52 200 3.014E+00 3.942E+01 2.657E-01 1.8993E-01 12.04

130 3.992E+00 1.892E+01 1.462E-01 1.7630E-01 12.51 201 3.005E+00 3.975E+01 2.675E-01 1.9009E-01 12.03

131 3.971E+00 1.917E+01 1.47XE-01 1.7654E-01 12.50 202 2.996E+00 4.008E+01 2.693E-01 1.9024E-01 12.03

132 3.951E+00 1.942E+01 1.494E-01 1.7678E-01 12.49 203 2.987E+00 4.042E+01 2.710E-01 1.9040E-01 12.03

133 3.931E+00 1.968E+01 1.511E-01 1.7702E-01 12.48 204 2.978E+00 4.075E+01 2.728E-01 1.9056E-01 12.02

134 3.911 E+00 1.993E+01 1.527E-01 1.7725E-01 12.47 205 2.969E+00 4.109E+01 2.746E-01 1.9071 E-01 12.02

135 3.891E+00 2.019E+01 1.543 E-01 1.7749E-01 12.46 206 2.960E+00 4.143E+01 2.764E-01 1.9087E-01 12.02

136 3.872E+00 2.045E+01 1.559E-01 1.7772E-01 12.45 207 2.951E+00 4.177E+01 2.781E-01 1.9102E-01 12.02

137 3.852E+00 2.071 E+01 1.576E-01 1.7795E-01 12.44 208 2.942E+00 4.211 E+01 2.799E-01 1.9117E-01 12.01

138 3.834E+00 2.097E+01 1.592E-01 1.7818E-01 12.43 209 2.934E+00 4.245E+01 2.817E-01 1.9133E-01 12.01

139 3.815E+00 2.123E+01 1.609E-01 1.7841E-01 12.42 210 2.925E+00 4.279E+01 2.834E-01 1.9148E-01 12.01

140 3.797E+00 2.149E+01 1.625E-01 1.7X63E-01 12.41 211 2.917E+00 4.313E+01 2.852E-01 1.9163E-01 12.00

141 3.778E+00 2.175E+01 1.642E-01 1.7886E-01 12.40 212 2.908E*00 4.347E+01 2.870E-01 1.9178E-01 12.00

142 3.760E+00 2.202E+01 1.658E-01 1.7908E-01 12.39 213 2.900E+00 4.3X2E+01 2.888E-01 1.9193E-01 12.00

143 3.743 E+00 2.229E+01 1.675E-01 1.7930E-01 12.38 214 2.892E+00 4.416E+01 2.905E-01 1.9208E-01 12.00

144 3.725E+00 2.255E+01 1.691 E-01 1.7952E-01 12.37 215 2.884E+00 4.451 E+01 2.923E-01 1.9222E-01 12.00

145 3.708E+00 2.282E+01 1.70XE-01 1.7974E-01 12.35 216 2.876E+00 4.486E+01 2.941 E-01 1.9237E-01 11.99

146 3.691E+00 2.309E+01 1.725E-01 1.7996E-01 12.34 217 2.868E+00 4.520E+01 2.958E-01 1.9252E-01 11.99

147 3.674E+00 2.337E+01 1.741E-01 1.8017E-01 12.33 218 2.860E+00 4.555E+01 2.976E-01 1.9266E-01 11.99

148 3.65XE+00 2.364E+01 1.758E-01 1.8039E-01 12.32 219 2.852E+00 4.590E+01 2.994E-01 1.9281E-01 11.99

149 3.641E+00 2.391 E+01 1.775E-01 1.8060E-01 12.31 220 2.844E+00 4.625E+01 3.012E-01 1.9295E-01 11.99

150 3.625E+00 2.419E+01 1.792E-01 1.8081 E-01 12.31 221 2.836E+00 4.661E+01 3.029E-01 1.9310E-01 11.98

151 3.609E+00 2.446E+01 1.808E-01 1.8102E-01 12.30 222 2.829E+00 4.696E+01 3.047E-01 1.9324E-01 11.98

152 3.594E+00 2.474E+01 1.825E-01 1.8123E-01 12.29 223 2.821E+00 4.731 E+01 3.065E-01 1.9338E-01 11.98

153 3.578E+00 2.502E+01 1.842E-01 1.8144E-01 12.28 224 2.814E+00 4.767E+01 3.083E-01 1.9352E-01 11.98

154 3.563E+00 2.530E+01 1.859E-01 1.8164E-01 12.27 225 2.806E+00 4.802Ë+01 3.100E-01 1.9367E-01 11.98

155 3.54XE+00 2.55XE+01 1.876E-01 1.8185E-01 12.26 226 2.799E+00 4.838E+01 3.118E-01 1.9381E-01 11.98

156 3.533E+00 2.5X6E+01 1.893E-01 1.8205E-01 12.26 227 2.791E+00 4.874E+01 3.136E-01 1.9395E-01 11.98

157 3.518E+00 2.615E+01 1.910E-01 1.8225E-01 12.25 228 2.784E+00 4.910E+01 3.154E-01 1.9409E-01 11.98

158 3.503E+00 2.643E+01 1.927E-01 1.8246E-01 12.24 229 2.777E+00 4.946E+01 3.171E-01 1.9423E-01 11.98

159 3.489E+00 2.672E+01 1.944E-01 1.8266E-01 12.23 230 2.770E+00 4.9X2E+01 3.189E-01 1.9436E-01 11.97

160 3.474E+00 2.701 E+01 1.961 E-01 1.8285E-01 12.23 231 2.763E+00 5.018E+01 3.207E-01 1.9450E-01 11.97

161 3.460E+00 2.729E+01 1.978E-01 1.8305E-01 12.22 232 2.756E+00 5.054E+01 3.225E-01 1.9464E-01 11.97

162 3.446E+00 2.758E+01 1.995E-01 1.8325 E-01 12.21 233 2.749E+00 5.091E+01 3.242E-01 1.9477E-01 11.97

163 3.432E+00 2.787E+01 2.012E-01 1.8344E-01 12.21 234 2.742E+00 5.127E+01 3.260E-01 1.9491 E-01 11.97

164 3.419E+00 2.817E+01 2.029E-01 1.8364E-01 12.20 235 2.735E+00 5.163E+01 3.278E-01 1.9505E-01 11.97

165 3.405E+00 2.846E+01 2.046E-01 1.8383E-01 12.20 236 2.728E+00 5.200E+01 3.295E-01 1.9518E-01 11.97

166 3.392E+00 2.875E+01 2.063E-01 1.8402E-01 12.19 237 2.721E+00 5.237E+01 3.313E-01 1.9531E-01 11.97

167 3.379E+00 2.905E+01 2.081E-01 1.8421E-01 12.19 238 2.715E+00 5.274E+01 3.331E-01 1.9545E-01 11.97

168 3.366E+00 2.935E+01 2.098 E-01 1.8440E-01 12.18 239 2.708E+00 5.310E+01 3.349E-01 1.9558E-01 11.97

169 3.353E+00 2.964E+01 2.115E-01 1.8459E-01 12.18 240 2.701 E+00 5.347E+01 3.366E-01 1.9571E-01 11.96

170 3.340E+00 2.994E+01 2.132E-01 1.8477E-01 12.17 241 2.695E+00 5.384E+01 3.384E-01 1.9584E-01 11.96

171 3.327E+00 3.024E+01 2.150E-01 1.8496E-01 12.17 242 2.688E-100 5.422E+01 3.402E-01 1.9598E-01 11.96

172 3.315E+00 3.054E+01 2.167E-01 1.8514E-01 12.J6 243 2.682E+00 5.459E+01 3.419E-01 1.9611E-01 11.96

173 3.303E+00 3.085E+01 2.184E-01 1.8533E-01 12.16 244 2.676E+00 5.496E+01 3.437E-01 1.9624E-01 11,96

174 3.290E+00 3.115E+01 2.202E-01 1.8551E-01 12.15 245 2.669E+00 5.534E+01 3.455E-01 1.9637E-01 11.96

175 3.278E+00 3.145E+01 2.219E-01 1.8569E-01 12.15 246 2.663E+00 5.571 E+01 3.472E-01 1.9650E-01 11.96

176 3.266E+00 3.176E+01 2.236E-01 1.8587E-01 12.14 247 2.657E+00 5.609E+01 3.490E-01 1.9662E-01 11.96

177 3.255E+00 3.207E+01 2.254E-01 1.8605E-01 12.14 248 2.651E+00 5.646E+01 3.508E-01 1.9675E-01 11.96

178 3.243E+00 3.237E+01 2.271E-01 1.8623E-01 12.13 249 2.645E+00 5.684E+01 3.525E-01 1.9688E-01 11.95

179 3.231E+00 3.268E+01 2.289E-01 1.8641E-01 12.13 250 2.638E+00 5.722E+01 3.543E-01 1.9701E-01 11.95

180 3.220E+00 3.299E+01 2.306E-01 1.8659E-01 12.12

181 3.209E+00 3.330E+01 2.323E-01 1.8676E-01 12.12

182 3.197E+00 3.362E+01 2.341E-01 1.8694E-01 12.11

183 3.186E+00 3.393E+01 2.35XE-01 1.87HE-01 12.11

185



Appendix D: Proton Data Tables

Based on

Janni /-values

PROTONSIN AIR (DRY)

Density/) [g cm"1]:
Radiation length Xo [g cm ]:
Mean ionisation energy I [eV]:

0.0012

36.616

102.4 (Bragg additivity)

COMPOSITION:

Element

Z

A

%by weight

/[eV]

C

6

12.0107

0.00012

73.8

N

7

14.0067

0.75527

97.8

O

8

15.9994

0.23178

115.7

Ar

18

39,948

0.01283

181.6

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVg'1 cm2 g cm"2

°~mcs (a/A)
10""

rad2 cm2 g"1

1 2.099E+02

1.306E+02

9.745E+01

7.871E+01

6.647E+01

5.779E+01

5.127E+01

4.619E+01

4.211 E+01

10 3.874E+01

11 3.592E+01

12 3.352E+01

13 3.145E+01

14 2.964E+01

15 2.805E+01

16 2.664E+01

17 2.537E+01

18 2.423E+01

19 2.321E+01

20 2.227E+01

21 2.141E+01

22 2.063E+01

23 1.990E+01

24 1.923E+01

25 1.861E+01

26 1.803E+01

27 1.750E+01

28 1.699E+01

29 1.652E+01

30 1.608E+01

31 1.566E+01

32 1.527E+01

33 1.490E+01

34 1.454E+01

35 1.421E+01

36 1.389E+01

37 1.359E+01

38 1.331E+01

39 1.304E+01

40 1.278E+01

41 1.253E+01

42 1.229E+01

43 1.206E+01

44 1.184E+01

45 1.163E+01

46 1.143E+01

47 1.124E+01

48 1.106E+01

49 1.088E+01

50 1.071E+01

51 1.054E+01

52 1.038E+01

53 1.023E+01

54 1.008E+01

55 9.933E+00

2.928E-03

9.178E-03

1.816E-02

2.965E-02

4.353E-02

5.971E-02

7.X12E-02

9.X71E-02

1.214Ë-01

1.462E-01

1.730E-01

2.019E-01

2.327E-01

2.654E-01

3.001E-01

3.367E-01

3.752E-01

4.156E-01

4.577E-01

5.017E-01

5.476Ë-01

5.951E-01

6.445E-01

6.956E-01

7.485E-01

8.031E-01

8.594E-01

9.174E-01

9.771E-01

1.038E+00

1.101E+00

1.166E+00

1.232E+00

1.300E+00

1.370E+00

1.441E+00

1.514E+00

1.588E+00

1.664E+00

1.742E+00

1.821E+00

1.901E+00

1.984E+00

2.067E+00

2.152E+00

2.239E+00

2.327E+00

2.417E+00

2.508E+00

2.601E+00

2.695E+00

2.791E+00

2.888E+00

2.986E+00

3.086E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

5.132E-05

1.842E-04

3.809E-04

6.464E-04

9.833 Ë-04

1.394E-03

1.881E-03

2.441 E-03

3.071E-03

3.768E-03

4.527E-03

5.344E-03

6.215E-03

7.135E-03

8.101 E-03

9.109E-03

1.015E-02

1.123E-02

1.235E-02

1.349E-02

1.465E-02

1.584E-02

1.704E-02

1.827E-02

1.951 E-02

2.076E-02

2.203E-02

2.331 E-02

2.460E-02

2.590E-02

2.721E-02

2.853E-02

2.986E-02

3.120E-02

3.255E-02

3.390E-02

3.526E-02

3.662E-02

3.799E-02

3.936E-02

4.074E-02

4.212E-02

4.351E-02

4.490E-02

4.630E-02

4.769E-02

4.910E-02

5.050E-02

5.191E-02

6.0900E-03

8.5905E-03

1.0172E-02

1.1346E-02

1.2286E-02

1.3074E-02

1.3755E-02

1.4355E-02

1.4894E-02

1.5382E-02

1.5830E-02

1.6243E-02

1.6627E-02

1.69S6E-02

1.7323E-02

1.7641E-02

1.7942E-02

1.8227E-02

1.8499E-02

1.8759E-02

1.9007E-02

1.9245E-02

1.9474E-02

1.9694E-02

1.9906E-02

2.0111E-02

2.0309E-02

2.0501 E-02

2.0686E-02

2.0866E-02

2.1040E-02

2.1210E-02

2.1375E-02

2.1536E-02

2.1692E-02

2.1844E-02

2.1993E-02

2.2138E-02

2.2280E-02

2.2418E-02

2.2554E-02

2.2686E-02

2.2816E-02

2.2943E-02

2.3067E-02

2.3189E-02

2.3309E-02

2.3426E-02

2.3541E-02

2.3654E-02

2.3765E-02

2.3874E-02

2.3981E-02

2.4087E-02

2.4190E-02

0.000

0.000

0.000

0.000

0.000

0.000

8.737

12.51

16.10

19.35

22.28

25.03

27.41

29.41

31.03

32.36

33.39

34.18

34.76

35.16

35.4]

35.51

35.51

35.41

35.23

34.98

34.67

34.31

33.92

33.50

33.08

32.65

32.22

31.79

31.37

30.96

30.55

30.15

29.76

29.38

29.00

28.62

28.25

27.89

27.54

27.19

26.85

26.53

26.21

25.91

25.62

25.34

25.08

24.82

24.56

56 9.793E+00 3.188E+00 5.333E-02 2.4292E-02 24.32

RGY STOPPING CSDA P„u,
2

"MTV (a/A)
POWER RANGE •10""

eV MeVg"1 em
2 gem"2 rad2 cm2 g"

57 9.659E+00 3.290E+00 5.475E-02 2.4392E-02 24.07

58 9.528E+00 3.395E+00 5.617E-02 2.4491 E-02 23.83

59 9.402 E+00 3.500E+0O 5.759E-02 2.4588E-02 23.60

60 9.280E+00 3.607E+00 5.902E-02 2.4684E-02 23.39

61 9.161 E+00 3.716E+00 6.045E-02 2.4778E-02 23.18

62 9.046E+00 3.826E+00 6.188E-02 2.4870E-02 22.98

63 8.934E+00 3.937E+00 6.332E-02 2.4962E-02 22.79

64 8.826E+00 4.050E+00 6.476E-02 2.5052E-02 22.61

65 8.721E+00 4.164E+00 6.620E-02 2.5141E-02 22.43

66 8.618E+00 4.279E+00 6.765E-02 2.5228E-02 22.26

67 8.519E+00 4.396E+00 6.910E-02 2.5315E-02 22.09

68 8.422E+00 4.514E+00 7.056E-02 2.5400E-02 21.92

69 8.328E+00 4.633E+00 7.202E-02 2.5484E-02 21.76

70 8.236E+00 4.754E+00 7.348E-02 2.5567E-02 21.61

71 8.147E+00 4.876E+00 7.495E-02 2.5649E-02 21.47

72 8.060E+00 4.999E+00 7.642E-02 2.5729E-02 21.34

73 7.975E+00 5.124E+00 7.789E-02 2.5809E-02 21.21

74 7.892E+00 5.250E+00 7.937E-02 2.5888E-02 21.08

75 7.812E+00 5.377E+00 8.085E-02 2.5966E-02 20.96

76 7.733E+00 5.506E+00 8.234E-02 2.6043E-02 20.83

77 7.656E+00 5.636E+00 8.383E-02 2.6118E-02 20.71

78 7.581E+00 5.767E+00 8.533E-02 2.6193E-02 20.60

79 7.50XE+00 5.900E+00 8.6X3E-02 2.626XE-02 20.49

80 7.437E+00 6.034E+00 8.X33E-02 2.6341 E-02 20.38

81 7.367E+00 6.169E+0O 8.984E-02 2.6413E-02 20.29

82 7.299E+00 6.305E+00 9.135E-02 2.6485E-02 20.20

83 7.232E+00 6.443E+00 9.287E-02 2.6556E-02 20.11

84 7.167E+00 6.582E+00 9.439E-02 2.6626E-02 20.03

85 7.104E+00 6.722E+00 9.591 E-02 2.6695E-02 19.95

86 7.041E+00 6.X63E+00 9.745E-02 2.6763E-02 19.86

87 6.980E+00 7.006E+00 9.898E-02 2.6831E-02 19.78

88 6.920E+00 7.150E+00 1.005E-01 2.6898E-02 19.70

89 6.862E+00 7.295E+00 1.021 E-01 2.6964E-02 19.62

90 6.805E+00 7.441E+00 1.036E-01 2.7030E-02 19.55

91 6.749E+00 7.589E+00 1.052E-01 2.7095E-02 19.49

92 6.694E+00 7.738E+00 1.067E-01 2.7159E-02 19.43

93 6.640E+00 7.X88E+00 1.083E-01 2.7223E-02 19.37

94 6.587E+00 8.039E+00 1.099E-01 2.7286E-02 19.32

95 6.536E+00 8.191E+00 1.114E-01 2.7348E-02 19.26

96 6.485E+00 8.345E+00 1.130E-01 2.7410E-02 19.21

97 6.435E+00 8.500E+0O 1.146E-01 2.7471E-02 19.15

98 6.387E+00 8.656E+00 1.162E-01 2.7532E-02 19.10

99 6.339E+00 8.813E+00 1.178E-01 2.7592E-02 19.04

100 6.292E+00 8.971E+00 1.194E-01 2.7652E-02 18,99

101 6.246E+00 9.131E+00 1.210E-01 2.7710E-02 18.95

102 6.201 E+00 9.291 E+00 1.226E-01 2.7769E-02 18.90

103 6.156E+00 9.453E+00 1.242E-01 2.7827E-02 18.86

104 6.113E+00 9.616E+0O 1.258E-01 2.7884E-02 18.82

105 6.070E+00 9.7X0E+00 1.275E-01 2.7941E-02 18.78

106 6.028E+00 9.946E+00 1.291E-01 2.7997E-02 18.75

107 5.987E+00 1.011E+01 1.307E-01 2.8053E-02 18.71

108 5.946E+00 1.028E+01 1.324E-01 2.8108E-02 18.68

109 5.906E+00 1.045E+01 1.340E-01 2.8163E-02 18.65

110 5.867E+00 1.062E+01 1.356E-01 2.8217E-02 18.62

111 5.828E+00 1.079E+01 1.373E-01 2.8271E-02 18.59

112 5.790E+00 1.096E+01 1.390E-01 2.8325E-02 18.56

186



PROTONS AIR (DRY)

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g"1 g cm"2

113 5.753E+00 1.113E+01

114 5.717E+00 1.131E+01

115 5.681E+00 1.148E+01

116 5.645E+00 1.166E+01

117 5.610E+00 1.184E+01

118 5.576E+00 1.202E+01

119 5.542E+00 1.220E+01

120 5.509E+00 1.238E+01

121 5.476E+00 1.256E+01

122 5.444E+00 1.274E+01

123 5.412E+00 1.293E+01

124 5.381E+00 1.311E+01

125 5.350E+00 1.330E+01

126 5.320E+00 1.349E+01

127 5.290E+00 1.368E+01

128 5.261E+00 1.387E+01

129 5.232E+00 1.406E+01

130 5.203E+00 1.425E+01

131 5.175E+00 1.444E+01

132 5.147E+00 1.463E+01

133 5.120E+00 1.483E+01

134 5.093E+00 1.502E+01

135 5.067E+00 1.522E+01

136 5.040E+00 1.542E+01

137 5.015E+00 1.562E+01

138 4.989E+00 1.582E+01

139 4.964E+00 1.602E+01

140 4.939E+00 1.622E+01

141 4.915E+00 1.642E+01

142 4.891E+00 1.663E+01

143 4.867E+00 1.683E+01

144 4.843E+00 1.704E+01

145 4.820E+00 1.725E+01

146 4.797E+00 1.745E+01

147 4.775E+00 1.766E+01

148 4.752E+00 1.787E+01

149 4.730E+00 1.808E+01

150 4.709E+00 1.830E+01

151 4.687E+00 1.851E+01

152 4.666E+00 1.X72E+01

153 4.645E+00 1.894E+01

154 4.624E+00 1.915E+01

155 4.604E+00 1.937E+01

156 4.584E+00 1.959E+01

157 4.564E+00 1.981E+01

158 4.544E+00 2.003E+01

159 4.525E+00 2.025E+01

160 4.506E+00 2.047E+01

161 4.487E+00 2.069E+01

162 4.468E+00 2.091E+01

163 4.449E+00 2.114E+01

164 4.431E+00 2.136E+01

165 4.413E+00 2.159E+01

166 4.395E+00 2.182E+01

167 4.377E+00 2.204E+01

168 4.360E+00 2.227E+01

169 4.343E+00 2.250E+01

170 4.326E+00 2.273E+01

171 4.309E+00 2.296E+01

172 4.292E+00 2.320E+01

173 4.275E+00 2.343E+01

174 4.259E+00 2.367E+01

175 4.243E+00 2.390E+01

176 4.227E+00 2.414E+01

177 4.211 E+00 2.437E+01

178 4.195E+00 2.461E+01

179 4.180E+00 2.485E+01

180 4.165E+00 2.509E+01

1X1 4.149E+00 2.533E+01

182 4.134E+00 2.557E+01

183 4.120E+00 2.581E+01

10"27

rad cm g

1.406E-01 2.8378E-02 18.53

1.423E-01 2.8430E-02 1X.50

1.440E-01 2.8482E-02 18.47

1.457E-01 2.8534E-02 18.44

1.473E-01 2.8585E-02 18.41

1.490E-01 2.8636E-02 18.38

1.507E-01 2.8686E-02 18.35

1.524E-01 2.8736E-02 18.33

1.541E-01 2.X7X6E-02 18.30

1.558E-01 2.X835E-02 18.28

1.575E-01 2.8884E-02 18.26

1.592E-01 2.8933E-02 18.24

1.610E-01 2.8981E-02 18.22

1.627E-01 2.9029E-02 18.19

1.644E-01 2.9076E-02 18.17

1.661E-01 2.9123E-02 18.15

1.679E-01 2.9170E-02 18.14

1.696E-01 2.9216E-02 18.12

1.714E-01 2.9262E-02 18.10

1.731E-01 2.9308E-02 18.08

1.749E-01 2.9353E-02 18.06

1.766E-01 2.9398E-02 18.04

1.784E-01 2.9443E-02 18,03

1.801E-01 2.9488E-02 18.01

1.819E-01 2.9532E-02 18.00

1.837E-01 2.9575E-02 17.98

1.X54E-01 2.9619E-02 17.96

1.X72E-01 2.9662E-02 17.95

1.890E-01 2.9705E-02 17.93

1.908E-01 2.9748E-02 17.92

1.926E-01 2.9790E-02 17.91

1.944E-01 2.9832E-02 17.89

1.962E-01 2.9874E-02 17.88

1.980E-01 2.9915E-02 17.87

1.998E-01 2.9956E-02 17.85

2.016E-01 2.9997E-02 17.84

2.034E-01 3.0038E-02 17.83

2.052E-01 3.0079E-02 17.82

2.070E-01 3.0119E-02 17.80

2.088E-01 3.0159E-02 17.79

2.106E-01 3.0198E-02 17.78

2.125E-01 3.0238E-02 17.77

2.143E-01 3.0277E-02 17.76

2.161E-01 3.0316E-02 17.75

2.179E-01 3.0354E-02 17.74

2.198E-01 3.0393E-02 17.73

2.216E-01 3.0431E-02 17.72

2.234E-01 3.0469E-02 17.71

2.253E-01 3.0507E-02 17.70

2.271 E-01 3.0544E-02 17.69

2.290E-01 3.0582E-02 17.68

2.308E-01 3.0619E-02 17.67

2.327E-01 3.0655E-02 17.66

2.345E-01 3.0692E-02 17.65

2.364E-01 3.0729E-02 17.65

2.382E-01 3.0765E-02 17.64

2.401E-01 3.0801E-02 17.63

2.419E-01 3.0837E-02 17.62

2.43XE-01 3.0X72E-02 17.61

2.457E-01 3.090XE-02 17.60

2.475E-01 3.0943E-02 17.60

2.494E-01 3.0978E-02 17.59

2.513E-01 3.1013E-02 17.58

2.531E-01 3.1047E-02 17.58

2.550E-01 3.1082E-02 17.57
2.569E-01 3.1116E-02 17.56

2.587E-01 3.1150E-02 17.55

2.606E-01 3.1184E-02 17.55

2.625E-01 3.1217E-02 17.54

2.644E-01 3.1251E-02 17.53

2.663E-01 3.1284E-02 17.53

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g"1 g cm"2

184 4.105E+00 2.606E+01

185 4.090E+00 2.630EK)1
1X6 4.076E+00 2.655E+01

1X7 4.062E+00 2.679E+01

1X8 4.048E+00 2.704E+01

189 4.034E+00 2.729E+01

190 4.020E+00 2.753E+01

191 4.006E+00 2.778E+01

192 3.993E+O0 2.803E+01

193 3.979E+00 2.828E+01

194 3.966E+00 2.854E+01

195 3.953E+00 2.879E+01

196 3.940E+00 2.904E+01

197 3.927E+00 2.930E+01

198 3.915E+00 2.955E+01

199 3.902E+00 2.981E+01

200 3.889E+00 3.006E+01

201 3.877E+00 3.032E+01

202 3.865E+00 3.058E+01

203 3.853E+00 3.084E+01

204 3.841 E+00 3.110E+01

205 3.829E+00 3.136E+01

206 3.817E+00 3.162E+01

207 3.805E+00 3.188E+01

208 3.794E+00 3.215E+01

209 3.782E+00 3.241E+01

210 3.771E+00 3.26XE+01

211 3.760E+00 3.294E+01

212 3.748E+00 3.321E+01

213 3.737E+00 3.348E+01

214 3.726E+00 3.374E+01

215 3.716E+00 3.401E+01

216 3.705E+00 3.428E+01

217 3.694E+00 3.455E+01

218 3.684E+00 3.482E+01

219 3.673E+00 3.509E+01

220 3.663E+00 3.537E+01

221 3.652E+00 3.564E+01

222 3.642E+00 3.591E+01

223 3.632E+00 3.619E+01

224 3.622E+00 3.647E+01

225 3.612E+00 3.674E+01

226 3.602E+00 3.702E+0I

227 3.593E+00 3.730E+01

228 3.583E+00 3.758E+01

229 3.573E+00 3.786E+01

230 3.564E+00 3.814E+01

231 3.554E+00 3.842E+01

232 3.545E+00 3.870E+01

233 3.536E+00 3.898E+01

234 3.527E+00 3.926E+01

235 3.517E+00 3.955E+01

236 3.508E+00 3.983E+01

237 3.499E+00 4.012E+01

238 3.490E+00 4.040E+01

239 3.482E+00 4.069E+01

240 3.473 E+00 4.098E+01

241 3.464E+00 4.127E+01

242 3.456E+00 4.156E+01

243 3.447E+00 4.185E+01

244 3.439E+00 4.214E+01

245 3.430E+00 4.243E+01

246 3.422E+00 4.272E+01

247 3.414E+00 4.301E+01

248 3.405E+00 4.330E+01

249 3.397E+00 4.360E+01

250 3.389E+00 4.389E+01

10"27

rad2 cm2 g"1

2.681E-01 3.1317E-02 17.52

2.700E-01 3.1350E-02 17.52

2.719E-01 3.1383E-02 17.51

2.738E-01 3.1416E-02 17.50

2.757E-01 3.1448E-02 17.50

2.776E-01 3.1480E-02 17.49

2.794E-01 3.1512E-02 17.49

2.813E-01 3.1544E-02 17.48

2.832E-01 3.1576E-02 17.48

2.851E-01 3.1608E-02 17.47

2.870E-01 3.1639E-02 17.46

2.889E-01 3.1671E-02 17.46

2.908E-01 3.1702E-02 17.45

2.927E-01 3.1733E-02 17.45

2.946E-01 3.1764E-02 17.44

2.965E-01 3.1794E-02 17.44

2.984E-01 3.1825E-02 17.44

3.003E-01 3.1S55E-02 17.43

3.022E-01 3.1885E-02 17.43

3.041E-01 3.1915E-02 17.42

3.059E-01 3.1945E-02 17.42

3.078E-01 3.1975E-02 17.41

3.097E-01 3.2005E-02 17.41

3.116E-01 3.2034E-02 17.40

3.135E-01 3.2064E-02 17.40

3.154E-01 3.2093E-02 17.40

3.173E-01 3.2122E-02 17.39

3.192E-01 3.2151E-02 17.39

3.211E-01 3.2180E-02 17.38

3.230E-01 3.2208E-02 17.38

3.249E-01 3.2237E-02 17.38

3.268E-01 3.2265E-02 17.37

3.287E-01 3.2294E-02 17.37

3.306E-01 3.2322E-02 17.36

3.325E-01 3.2350E-02 17.36

3.344E-01 3.2378E-02 17.36

3.363E-01 3.2406E-02 17.35

3.382E-01 3.2433E-02 17.35

3.401 E-01 3.2461E-02 17.35

3.420E-01 3.2488E-02 17.34

3.439E-01 3.2515E-02 17.34

3.457E-01 3.2543E-02 17.34

3.476E-01 3.2570E-02 17.33

3.495E-01 3.2597E-02 17.33

3.514E-01 3.2623E-02 17.33

3.533E-01 3.2650E-02 17.32

3.552E-01 3.2677E-02 17.32

3.571E-01 3.2703E-02 17.32

3.590E-01 3.2729E-02 17.32

3.609E-01 3.2756E-02 17.31

3.627E-01 3.2782E-02 17.31

3.646E-01 3.2808E-02 17.31

3.665E-01 3.2834E-02 17.30

3.684E-01 3.2859E-02 17.30

3.703E-01 3.2885E-02 17.30

3.721 E-01 3.2911E-02 17.30

3.740E-01 3.2936E-02 17.29

3.759E-01 3.2961E-02 17.29

3.778E-01 3.2987E-02 17.29

3.797E-01 3.3012E-02 17.29

3.815E-01 3.3037E-02 17.28

3.834E-01 3.3062E-02 17,28

3.853E-01 3.3087E-02 17.28

3.871E-01 3.3111E-02 17,28

3.890E-01 3.3136E-02 17.27

3.909E-01 3.3161 E-02 17.27

3.927E-01 3.3185E-02 17.27
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Appendix D: Proton Data Tables

Based on

Janni /-values

PROTONSIN GADOLINIUMOXYSULFIDE(GdjOjS)

Density/) [gem"']:
Radiation length Xti [g cm"2]'
Mean ionisation energy I [eV]:

7.50

8.487

448.1 (Bragg additivity)

COMPOSITION:

Element

Z

A

%by weight

7[cV]

O

8

15.9994

0.08453

115.7

S

16

32.066

0.0847

183.6

Gd

64 1

57.25

0.83077

593.4

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVg" cm g cm"

1 9.387E+01

2 6.454E+01

5.069E+01

4.231 E+01

3.661E+01

3.243E+01

2.922E+01

2.665E+01

2.456E+01

25

26

27

28

10 2.282E+01

11 2.133E+01

12 2.005E+01

13 1.893E+01

14 1.794E+01

15 1.707E+01

16 1.629E+01

17 1.559E+01

18 1.495E+01

19 1.437E+01

20 1.384E+01

21 1.335E+01

22 1.290E+01

23 1.248E+01

24 1.210E+01

1.174E+01

1.140E+01

1.109E+01

1.079E+01

29 1.051 E+01

30 1.025E+01

31 1.001E+01

32 9.772E+00

33 9.551E+00

34 9.341 E+00

35 9.142E+00

36 8.952E+00

37 8.772E+00

38 8.599E+00

39 8.435E+00

40 8.277E+00

41 8.127E+00

42 7.983E+00

43 7.844E+00

44 7.712E+00

45 7.584E+00

46 7.461E+00

47 7.343E+00

48 7.230E+00

49 7.120E+00

50 7.014E+00

51 6.912E+00

52 6.814E+00

53 6.718E+00

54 6.626E+00

55 6.537E+00

7.274E-03

2.044E-02

3.80XE-02

5.97XE-02

8.528E-02

1.144E-01

1.469E-01

1.828E-01

2.219E-01

2.642E-01

3.096E-01

3.579E-01

4.093E-01

4.636E-01

5.207E-01

5.807E-01

6.435E-01

7.090E-01

7.773E-01

8.482E-01

9.218 E-01

9.980E-01

1.077E+00

1.158E+00

1.242E+00

1.329E+00

1.418E+00

1.509E+00

1.603E+00

1.699E+00

1.798E+00

1.899E+00

2.003E+00

2.109 E+00

2.217E+00

2.327E+00

2.440E+00

2.555E+00

2.673E+00

2.792E+00

2.914E+00

3.039E+00

3.165E+00

3.293E+00

3.424E+00

3.557E+00

3.692E+00

3.830E+00

3.969E+00

4.110E+00

4.254E+00

4.400E+00

4.548E+00

4.697E+00

4.849E+00

0.000E+00

0.000E+00

0.000E+00

O.OOOE+00

0.000E+00

0.000E+00

3.564E-05

1.253E-04

2.530E-04

4.197E-04

6.254E-04

8.709E-04

1.157E-03

1.482E-03

1.846E-03

2.247E-03

2.684E-03

3.155E-03

3.659E-03

4.194E-03

4.760E-03

5.353E-03

5.974 E-03

6.621 E-03

7.291E-03

7.985E-03

8.700E-03

9.435Ë-03

1.019E-02

1.096E-02

1.175E-02

1.256E-02

1.338E-02

1.422E-02

1,508 E-02

1.595E-02

1.683E-02

1.773E-02

1.864E-02

1.956Ë-02

2.050E-02

2.145E-02

2.241E-02

2.339E-02

2.437E-02

2.537E-02

2.637E-02

2.739E-02

2.842E-02

2.945E-02

3.050E-02

3.155E-02

3.262E-02

3.369E-02

3.478E-02

rad2

8.4907E-02

1.1323E-01

1.3002E-01

1.4208E-01

1.5153E-01

1.5935E-01

1.6602E-01

1.7185E-01

1.7703E-01

1.8171E-01

1.X597E-01

1.X9X9E-01

1.9352E-01

1.9690E-01

2.0006E-01

2.0303E-01

2.0584E-01

2.0850E-01

2.1103E-01

2.1343E-01

2.1573E-01

2.1793E-01

2.2004E-01

2.2207E-01

2.2402E-01

2.2590E-01

2.2772E-01

2.2947E-01

2.3117E-01

2.3281E-01

2,3441 E-01

2.3595E-01

2.3746E-01

2.3892E-01

2.4034E-01

2.4173E-01

2.4308E-01

2.4440E-01

2.4568E-01

2.4694E-01

2.4816E-01

2.4936E-01

2.5054E-01

2.5168E-01

2.5281 E-01

2.5391E-01

2.5499E-01

2.5605E-01

2.5709E-01

2.5810E-01

2.5910E-01

2.6009E-01

2.6105E-01

2.6200E-01

2.6293E-01

(a/A)
10""

cm2 g"1

0.000

0.000

0.000

0.000

0.000

0.000

3.457

4.789

6.004

7.056

7.983

8.859

9.629

10.29

10.86

11.36

11.78

12.14

12.45

12.70

12.91

13.08

13.22

13.32

13.39

13.44

13.47

13.48

13.47

13.45

13.43

13.39

13.36

13.32

13.28

13.24

13.19

13.15

13.10

13.05

13.00

12.95

12.89

12.83

12.78

12.72

12.66

12.60

12.55

12.49

12.44

12.39

12.34

12.29

12.24

56 6.451E+00 5.003E+00 3.587E-02 2.6384E-01 12.19

RGY STOPPING CSDA p _2
"juts- (atA)

POWER RANGE 10-27

eV MeVg"1 cm
2

g cm"2 rad2 ' g"

57 6.367E+00 5.159E+00 3.697E-02 2.6474E-01 12.14

58 6.286E+00 5.317E+00 3.808E-02 2.6563E-01 12.09

59 6.208E+00 5.47 X E+00 3.920E-02 2.6650E-01 12.04

60 6.132E+00 5.640E+00 4.033E-02 2.6736E-01 11.99

61 6.058E+00 5.804E+00 4.146E-02 2.6820E-01 11.94

62 5.986E+00 5.970E+00 4.260E-02 2.6904E-01 11.90

63 5.916E+00 6.138E+00 4.375E-02 2.6985E-01 11.86

64 5.84XE+00 6.308E+00 4.491 E-02 2.7066E-01 11.82

65 5.782E+00 6.480E+00 4.608E-02 2.7146E-01 11.78

66 5.718E+00 6.654E+00 4.725E-02 2.7224E-01 11.74

67 5.656E+00 6.830E+00 4.844E-02 2.7301E-01 11.70

68 5.595E+00 7.007E+00 4.963E-02 2.7378E-01 11.66

69 5.536E+00 7.187E+00 5.082E-02 2.7453E-01 11.62

70 5.47XE+00 7.369E+00 5.203E-02 2.7527E-01 11.58

71 5.422E+00 7.552E+00 5.324E-02 2.7600E-01 11.55

72 5.367E+00 7.738E+00 5.446E-02 2.7672E-01 11.52

73 5.313E+00 7.925E+00 5.568E-02 2.7744E-01 11.48

74 5.261E+00 8.114E+00 5.692E-02 2.7814E-01 11.45

75 5.210E+00 8.305E+00 5.816E-02 2.7883E-01 11.42

76 5.161E+00 8.498E+00 5.940E-02 2.7952E-01 11.39

77 5.112E+00 8.693E+00 6.066E-02 2.8020E-01 11.36

78 5.065E+00 8.889E+00 6.192E-02 2.8087E-01 11.33

79 5.018E+00 9.087E+00 6.318E-02 2.8153E-01 11.30

80 4.973E+00 9.288E+00 6.446E-02 2.8218E-01 11.27

81 4.929E+00 9.490E+00 6.574E-02 2.8283E-01 11.24

82 4.XX6E+00 9.693E+00 6.703 E-02 2.8347E-01 11.22

83 4.843 E+00 9.899E+00 6.832E-02 2.8410E-01 11.20

84 4.802E+00 1.011E+01 6.962E-02 2.8472E-01 11.18

85 4.761E+00 1.032E+01 7.093E-02 2.8534E-01 11.15

86 4.722E+00 1.053E+01 7.225E-02 2.8595E-01 11.13

87 4.683E+00 1.074E+01 7.357E-02 2.8655E-01 11.11

88 4.645E+00 1.095E+01 7.489E-02 2.8715E-01 11.09

89 4.608E+00 1.117E+01 7.623E-02 2.8774E-01 11.06

90 4.571E+00 1.139E+01 7.757E-02 2.8832E-01 11.04

91 4.535E+00 1.161E+01 7.891 E-02 2.8890E-01 11.02

92 4.500E+00 1.183E+01 8.026E-02 2.8947E-01 11.01

93 4.466E+00 1.205E+01 8.162E-02 2.9004E-01 10.99

94 4.432E+00 1.228E+01 8.299E-02 2.9060E-01 10.97

95 4.399E+00 1.250E+01 8.436E-02 2.9115E-01 10.96

96 4.367E+00 1.273E+01 8.573E-02 2.9170E-01 10.94

97 4.335E+00 1.296E+01 8.712E-02 2.9224E-01 10.92

98 4.303 E+00 1.319E+01 8.851 E-02 2.9278E-01 10.91

99 4.273E+00 1.343E+01 8.990E-02 2.9331 E-01 10.89

100 4.243E+00 1.366E+01 9.130E-02 2.9384E-01 10,88

101 4.213E+00 1.390E+01 9.271 E-02 2.9437E-01 10.86

102 4.184E+00 1.414Ë+01 9.412E-02 2.9488E-01 10.85

103 4.156E+00 1.437E+01 9.554E-02 2.9540E-01 10.83

104 4.128E+00 1.462E+01 9.696E-02 2.9590E-01 10.82

105 4.100E+00 1.486E+01 9.839E-02 2.9641E-0J 10.81

106 4.073E+00 1.510E+01 9.982E-02 2,9691 E-01 10.80

107 4.046E+00 1.535E+01 1.013 E-01 2,9740 E-01 10.79

108 4.020E+00 1.560E+01 1.027E-01 2.9789E-01 10.78

109 3.995E+00 1.585E+01 1.042E-01 2.9838E-01 10.76

110 3.969E+00 1.610E+01 1.056E-01 2.98X6E-01 10.75

111 3.945E+00 1.635E+01 1.071 E-01 2.9934E-01 10.74

112 3.920E+00 1.661E+01 1.085E-01 2.9981E-01 10.73

188



PROTONSIN GADOLINIUMOXYSULFIDE(Gd202S)

ENERGYSTOPPING CSDA i>„„

POWER RANGE

MeV MeVcm2 g"1 g cm"2

113 3.896E+00 1.686E+01 1.100E-01

114 3.872E+00 1.712E+01 1.115E-01

115 3.849E+00 1.738E+01 1.130E-01

116 3.826E+00 1.764E+01 1.145E-01

117 3.804E+00 1.790E+01 1.160E-01

118 3.782E+00 1.816E+01 1.175E-01

119 3.760E+00 1.843E+01 1.190E-01

120 3.738E+00 1.870E+01 1.205E-01

121 3.717E+00 1.897E+01 1.220E-01

122 3.696E+00 1.923E+01 1.235E-01

123 3.676E+00 1.951E+01 1.250E-01

124 3.655E+00 1.978E+01 1.265E-01

125 3.635E+00 2.005E+01 1.281E-01

126 3.616E+00 2.033E+01 1.296E-01

127 3.596E+00 2.061E+01 1.312E-01

128 3.577E+00 2.089E+01 1.327E-01

129 3.559E+00 2.117E+01 1.342E-01

130 3.540E+00 2.145E+01 1.358E-01

131 3.522E+00 2.173E+01 1.374E-01

132 3.504E+00 2.202E+01 1.389E-01

133 3.486E+00 2.230E+01 1.405E-01

134 3.468E+00 2.259E+01 1.420E-01

135 3.451E+00 2.288E+01 1.436E-01

136 3.434E+00 2.317E+01 1.452E-01

137 3.417E+00 2.346E+01 1.468E-01

138 3.401E+00 2.375E+01 1.484E-01

139 3.384E+00 2.405E+01 1.499E-01

140 3.368E+00 2.434E+01 1.515E-01

141 3.352E+00 2.464E+01 1.531E-01

142 3.337E+00 2.494E+01 1.547E-01

143 3.321E+00 2.524E+01 1.563E-01

144 3.306E+00 2.554E+01 1.579E-01

145 3.291E+00 2.585E+01 1.595E-01

146 3.276E+00 2.615E+01 1.612E-01

147 3.261E+00 2.646E+01 1.628E-01

148 3.246E+00 2.676E+01 1.644E-01

149 3.232E+00 2.707E+01 1.660E-01

150 3.218E+00 2.738E+01 1.676E-01

151 3.204E+00 2.769E+01 1.693E-01

152 3.190E+00 2.801E+01 1.709E-01

153 3.176E+00 2.832E+01 1.725E-01

154 3.163E+00 2.864E+01 1.742E-01

155 3.149E+00 2.895E+01 1.758E-01

156 3.136E+00 2.927E+01 1.774E-01

157 3.123E+00 2.959E+01 1.791E-01

158 3.110E+00 2.991E+01 1.807E-01

159 3.098E+00 3.023E+01 1.824E-01

160 3.085E+00 3.056E+01 1.840E-01

161 3.073E+00 3.088E+01 1.857E-01

162 3.060E+00 3.121E+01 1.874E-01

163 3.048E+00 3.154E+01 1.890E-01

164 3.036E+00 3.187E+01 1.907E-01

165 3.024E+00 3.220E+01 1.923E-01

166 3.013E+00 3.253E+01 1.940E-01

167 3.001E+00 3.286E+01 1.957E-01

168 2.990E+00 3.319E+01 1.974E-01

169 2.978E+00 3.353E+01 1.990E-01

170 2.967E+00 3.386E+01 2.007E-01

171 2.956E+00 3.420E+01 2.024E-01

172 2.945E+00 3.454E+01 2.041E-01

173 2.934E+00 3.488E+01 2.057E-01

174 2.923E+00 3.522E+01 2.074E-01

175 2.913E+00 3.557E+01 2.091E-01

176 2.902E+00 3.591 E+01 2.108E-01

177 2.892E+00 3.625E+01 2.125E-01

178 2.882E+00 3.660E+01 2.142E-01

179 2.871E+00 3.695E+01 2.159E-01

180 2.861E+00 3.730E+01 2.176E-01

181 2.851E+00 3.765E+01 2.193E-01

182 2.842E+00 3.800E+01 2.210E-01

183 2.832E+00 3.835E+01 2.227E-01

^MCS (a/A) ENERGYSTOPPING

•10"27 POWER

rad2 2 -1
cm g MeV MeVem" g

3.0028E-01 10.72 184 2.822E+00

3.0075E-01 10.71 185 2.813E+00

3.0121E-01 10.70 186 2.803E+00

3.0166E-01 10.69 187 2.794E+00

3.0212E-01 10.68 188 2.784E+00

3.0257E-01 10.67 189 2.775E+00

3.0302E-01 10.66 190 2.766E+00

3.0346E-01 10.65 191 2.757E+00
3.0390E-01 10.64 192 2.748E+00

3.0433E-01 10.63 193 2.739E+00

3.0477E-01 10.62 194 2.731E+00

3.0519E-01 10.62 195 2.722E+00

3.0562E-01 10.61 196 2.714E+00

3.0604E-01 10.60 197 2.705E+00

3.0646E-01 10.59 198 2.697E+00

3.0688E-01 10.58 199 2.688E+00

3.0729E-01 10.57 200 2.680E+00

3.0770E-01 10.57 201 2.672E+00

3.0811E-01 10.56 202 2.664E+00

3.0851E-01 10.55 203 2.656E+00

3.0891E-01 10.54 204 2.648E+00

3.0931E-01 10.54 205 2.640E+00

3.0970E-01 10.53 206 2.632E+00

3.1010E-01 10.52 207 2.625E+00

3.1049E-01 10.52 208 2.617E+00

3.1087E-01 10.51 209 2.609E+00

3.1126E-01 10.50 210 2.602E+00

3.1164E-01 10.50 211 2.594E+00

3.1202E-01 10.49 212 2.587E+00

3.1239E-01 10.48 213 2.580E+00

3.1276E-01 10.48 214 2.573E+00

3.1314E-01 10.47 215 2.565E+00

3.1350E-01 10.46 216 2.558E+00

3.1387E-01 10.46 217 2.551E+00

3.1423E-01 10.45 218 2.544E+00

3.1459E-01 10.45 219 2.537E+00

3.1495E-01 10.44 220 2.530E+00

3.1531E-01 10.43 221 2.524E+00

3.1566E-01 10.43 222 2.517E+00

3.1601E-01 10.42 223 2.510E+00

3.1636E-01 10.42 224 2.504E+00

3.1671E-01 10.41 225 2.497E+00

3.1706E-01 10.41 226 2.490E+00

3.1740E-01 10.40 227 2.484E+00

3.1774E-01 10.40 228 2.478E+00

3.1808E-01 10.39 229 2.471 E+00

3.1841E-01 10.39 230 2.465E+00

3.1875E-01 10.38 231 2.459E+00

3.1908E-01 10.38 232 2.452E+00

3.1941E-01 10.37 233 2.446E+00

3.1974E-01 10.37 234 2.440 E+00

3.2006E-01 10.36 235 2.434E+00

3.2039E-01 10.36 236 2.428E+00

3.2071E-01 10.35 237 2.422E+00

3.2103E-01 10.35 238 2.416E+00

3.2135E-01 10.34 239 2.411 E+00

3.2167E-01 10.34 240 2.405E+00

3.2198E-01 10.33 241 2.399E+00

3.2230E-01 10.33 242 2.393E+00

3.2261E-01 10.32 243 2.388E+00

3.2292E-01 10.32 244 2.382E+00

3.2322E-01 10.32 245 2.376E+00

3.2353E-01 10.31 246 2.371 E+00

3.2383E-01 10.31 247 2.365E+00

3.2414E-01 10.30 248 2.360E+00

3.2444E-01 10.30 249 2.355E+00

3.2474E-01 10.30 250 2.349E+00

3.2503E-01 10.29

3.2533E-01 10.29

3.2562E-01 10.28

3.2592E-01 10.28

CSDA P„ oi„ (a/A)

RANGE -10'"

g cm'2 rad2 cm2 g"1

3.X71E-K11 2.244E-01 3.2621E-01 10.28

3.906E+01 2.261E-01 3.2650E-01 10.27

3.942E+01 2.278E-01 3.2679E-01 10.27

3.977E+01 2.295E-01 3.2707E-01 10.27

4.013E+01 2.312E-01 3.2736E-01 10.26

4.049E+01 2.329E-01 3.2764E-01 10.26

4.085E+01 2.346E-01 3.2792E-01 10.25

4.122E+01 2.363E-01 3.2820E-01 10.25

4.158E+01 2.380E-01 3.2848E-01 10.25

4.194E+01 2.397E-01 3.2876E-01 10.24

4.231E+01 2.414E-01 3.2903E-01 10.24

4.268E+01 2.432E-01 3.2931E-01 10.24

4.304E+01 2.449E-01 3.295XE-01 10.23

4.341 E+01 2.466E-01 3.2985E-01 10.23

4.378E+01 2.483E-01 3.3013E-01 10.23

4.415E+01 2.500E-01 3.3039E-01 10.23

4.453E+01 2.517E-01 3.3066E-01 10.22

4.490E+01 2.535E-01 3.3093E-01 10.22

4.527E+01 2.552E-01 3.3119E-01 10.22

4.565E+01 2.569E-01 3.3146E-01 10.21

4.603E+01 2.586E-01 3.3172E-01 10.21

4.641 E+01 2.604E-01 3.3198E-01 10.21

4.679E+01 2.621E-01 3.3224E-01 10,20

4.717E+01 2.638E-01 3.3250E-01 10.20

4.755E+01 2.655E-01 3.3276E-01 10.20

4.793E+01 2.672E-01 3.3301E-01 10.20

4.831E+01 2.690E-01 3.3327E-01 10.19

4.870E+01 2.707E-01 3.3352E-01 10.19

4.908E+01 2.724E-01 3.3378E-01 10.19

4.947E+01 2.741E-01 3.3403E-01 10.18

4.986E+01 2.759E-01 3.3428E-01 10.18

5.025E+01 2.776E-01 3.3453E-01 10.18

5.064E+01 2.793E-01 3.3477E-01 10.18

5.103E+01 2.811E-01 3.3502E-01 10.17

5.142E+01 2.828E-01 3.3527E-01 10.17

5.182E+01 2.845E-01 3.3551E-01 10.17

5.221E+01 2.862E-01 3.3575E-01 10.17

5.261E+01 2.880E-01 3.3600E-01 10.16

5.300E+01 2.897E-01 3.3624E-01 10.16

5.340E+01 2.914E-01 3.3648E-01 10.16

5.380E+01 2.932E-01 3.3672E-01 10.16

5.420E+01 2.949E-01 3.3695E-01 10.15

5.460E+01 2.966E-01 3.3719E-01 10.15

5.500E+01 2.983E-01 3.3743E-01 10.15

5.541E+01 3.001E-01 3.3766E-01 10.15

5.581E+01 3.018E-01 3.3789E-01 10.14

5.622E+01 3.035E-01 3.3813E-01 10.14

5.662E+01 3.052E-01 3.3836E-01 10.14

5.703E+01 3.070E-01 3.3859E-01 10.14

5.744E+01 3.087E-01 3.3882E-01 10.13

5.785E+01 3.104E-01 3.3905E-01 10.13

5.826E+01 3.121E-01 3.3927E-01 10.13

5.867E+01 3.139E-01 3.3950E-01 10.13

5.908E+01 3.156E-01 3.3973E-01 10.13

5.950E+01 3.173E-01 3.3995E-01 10.12

5.991E+01 3.190E-01 3.4018E-01 10.12

6.032E+01 3.208E-01 3.4040E-01 10.12

6.074E+01 3.225E-01 3.4062E-01 10.12

6.116E+01 3.242E-01 3.4084E-01 10.12

6.158E+01 3.259E-01 3.4106E-01 10.11

6.200E+01 3.276E-01 3.4128E-01 10.11

6.242E+01 3.294E-01 3.4150E-01 10.11

6.284E+01 3.311E-01 3.4171E-01 10,11

6.326E+01 3.328E-01 3.4193E-01 10.11

6.368E-101 3.345E-01 3.4215E-01 10.10

6.411 E+01 3.362E-01 3.4236E-01 10.10

6.453E+01 3.379E-01 3.4257E-01 10,10
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Appendix D: Proton Data Tables

Based on

Janni /-values

PROTONSIN OPTICAL CEMENTBC-600

Density/) [g cm"3]:
Radiation lengthXt, [g cm"2]:
Mean ionisation energy/[eV]:

1.18

41.722

66.6 (Bragg additivity)

COMPOSITION:

Element

Z

A

%by weight
7[cV]

H

1

1.0079

0.0789

20.48

C

6

12.0107

0.70862

73.8

N

7

14.0067

0.02971

97.8

O

8

15.9994

0.18277

115.7

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVg"1 cm2 g cm"2

"Mrs ("lA)
10"27

rad cm g"

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

2.606E+02

1.584E+02

1.169E+02

9.368E+01

7.870E+01

6.815E+01

6.029E+01

5.418E+01

4.929E+01

4.527E+01

4.191E+01

3.906E+01

3.660E+01

3.446E+01

3.258E+01

3.091E+01

2.942E+01

2.808E+01

2.687E+01

2.577E+01

2.476E+01

2.3X4E+01

2.299E+01

2.221 E+01

2.148E+01

2.081 E+01

2.018E+01

1.959E+01

1.904E+01

1.852E+01

1.803E+01

1.758E+01

1.714E+01

1.673E+01

1.634E+01

1.598E+01

1.563E+01

1.529E+01

1.498E+01

1.468E+01

1.439E+01

1.411E+01

1.385E+01

1.359E+01

1.335E+01

1.312 E+01

1.289E+01

1.268E+01

1.247E+01

1.227E+01

1.208E+01

1.190 E+01

1.172E+01

1.155E+01

1.138E+01

2.294E-03

7.398E-03

1.485E-02

2.447E-02

3.617E-02

4.986E-02

6.550E-02

8.302E-02

1.024E-01

1.236E-01

1.466E-01

1.713E-01

1.978E-01

2.259E-01

2.558E-01

2.X73E-01

3.205E-01

3.553E-01

3.917E-01

4.297E-01

4.693E-01

5.105E-01

5.532E-01

5.975E-01

6.433E-01

6.906E-01

7.394E-01

7.897E-01

8.415E-01

8.948E-01

9.495E-01

1.006E+00

1.063E+00

1.122E+00

1.183E+00

1.245 E+00

1.308 E+00

1.373E+00

1.439E+00

1.506E+00

1.575E+00

1.645E+00

1.717E+00

1.790E+00

1.864E+00

1.939E+00

2.016E+00

2.095E+00

2.174E+00

2.255E+00

2.337E+00

2.421 E+00

2.505E+00

2.591 E+00

2.678E+0O

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

3.284E-05

1.187E-04

2.478E-04

4.250E-04

6.540E-04

9.391 E-04

1.283E-03

1.687E-03

2.149E-03

2.669E-03

3.244E-03

3.871E-03

4.547E-03

5.269E-03

6.032E-03

6.835E-03

7.672E-03

8.542E-03

9.441 E-03

1.037E-02

1.131E-02

1.228E-02

1.327E-02

1.427E-02

1.529E-02

1.632E-02

1.737E-02

1.842E-02

1.949E-02

2.056E-02

2.164E-02

2.274E-02

2.384E-02

2.494E-02

2.605E-02

2.717E-02

2.829E-02

2.942E-02

3.055E-02

3.169E-02

3.283E-02

3.39XE-02

3.512E-02

3.627E-02

3.743E-02

3.859E-02

3.975E-02

4.091 E-02

4.20XE-02

4.0037E-03

8.5905E-03

1.0172E-02

1.1346E-02

1.2286E-02

1.3074E-02

1.3755E-02

1.4355E-02

1.4894E-02

1.5382E-02

1.5830E-02

1.6243E-02

1.6627E-02

1.6986E-02

1.7323E-02

1.7641E-02

1.7942E-02

1.8227E-02

1.8499E-02

1.8759E-02

1.9007E-02

1.9245E-02

1.9474E-02

1.9694E-02

1.9906E-02

2.0111E-02

2.0309E-02

2.0501E-02

2.0686E-02

2.0866E-02

2.1040E-02

2.1210E-02

2.1375E-02

2.1536E-02

2.1692E-02

2.1844E-02

2.1993E-02

2.2138E-02

2.2280E-02

2.2418E-02

2.2554E-02

2.2686E-02

2.2816E-02

2.2943 E-02

2.3067E-02

2.3189E-02

2.3309E-02

2.3426E-02

2.3541E-02

2.3654E-02

2.3765E-02

2.3874E-02

2.3981E-02

2.4087E-02

2.4190E-02

0.000

0.000

0.000

0.000

0.000

0.000

6.579

9.541

12.45

15.20

17.82

20.39

22.74

24.84

26.65

28.20

29.49

30.53

31.35

31.97

32.42

32.71

32.87

32.91

32.85

32.71

32.49

32.22

31.90

31.55

31.18

30.79

30.40

30.01

29.62

29.23

28.84

28.46

28.08

27.71

27.35

26.98

26.63

26.28

25.94

25.61

25.28

24.97

24.67

24.38

24.10

23.83

23.57

23.32

23.08

56 1.122E+01 2.767E+00 4.325E-02 2.4292E-02 22.84

RGY STOPPING CSDA *nuc

2

"MCS (a/A)
POWER RANGE .JO"27

eV MeVg"1 cm
2

g cm"2 rad2 3 .

cm g

57 1.106 E+01 2.857E+00 4.443E-02 2.4392E-02 22.60

58 1.091 E+01 2.948E+00 4.561 E-02 2.4491 E-02 22.38

59 1.077E+01 3.040E+00 4.679E-02 2.4588E-02 22.16

60 1.062E+01 3.134E+00 4.797E-02 2.4684E-02 21.95

61 1.049E+01 3.228E+00 4.916E-02 2.4778E-02 21.75

62 1.035E+01 3.324E+00 5.035E-02 2.4870E-02 21.56

63 1.022E+01 3.421E+00 5.154E-02 2.4962E-02 21.38

64 1.010E+01 3.520E+00 5.274E-02 2.5052E-02 21.21

65 9.977 E+00 3.619E+00 5.394E-02 2.5141 E-02 21.04

66 9.859E+00 3.720E+0O 5.514E-02 2.5228E-02 20.87

67 9.744E+00 3.822 E+00 5.635E-02 2.5315E-02 20.71

68 9.632E+00 3.926E+00 5.756E-02 2.5400E-02 20.55

69 9.523E+00 4.030E+00 5.877E-02 2.5484E-02 20.40

70 9.417E+00 4.136E+00 5.998E-02 2.5567E-02 20.26

71 9.314E+00 4.242E+00 6.120E-02 2.5649E-02 20.13

72 9.214E+00 4.350E+00 6.243E-02 2.5729E-02 20.00

73 9.116E+00 4.459E+00 6.366E-02 2.5809E-02 19.87

74 9.021 E+00 4.570E+00 6.489E-02 2.5888E-02 19.75

75 8.928E+00 4.681E+00 6.612E-02 2.5966E-02 19.63

76 S.837E+00 4.794E+00 6.736E-02 2.6043E-02 19.52

77 8.749E+00 4.907E+00 6.860E-02 2.6118E-02 19.40

78 8.662E+00 5.022E+00 6.985E-02 2.6193E-02 19.30

79 8.578E+00 5.138E+00 7.110E-02 2.6268E-02 19.19

80 8.496E+00 5.255E+00 7.235E-02 2.6341E-02 19.09

81 8.415E+00 5.374E+00 7.361E-02 2.6413E-02 19.00

82 8.336E+00 5.493E+00 7.487E-02 2.6485E-02 18.91

83 8.260E+00 5.614E+00 7.614E-02 2.6556E-02 18.83

84 X.185E+00 5.735E+00 7.741 E-02 2.6626E-02 18.75

85 8.111 E+00 5.858E+00 7.869E-02 2.6695E-02 18.67

86 8.039E+00 5.982E+00 7.997E-02 2.6763E-02 18.59

87 7.969E+00 6.107E+00 8.125E-02 2.6831E-02 18.52

88 7.900E+00 6.233E+00 8.254E-02 2.6898E-02 18.44

89 7.833E+00 6.360E+00 8.3 83 E-02 2.6964E-02 18,37

90 7.767E+00 6.488E+00 8.513E-02 2.7030E-02 18.30

91 7.702E+00 6.617E+00 8.643E-02 2.7095E-02 18.24

92 7.639E+00 6.748E+00 8.773E-02 2.7159E-02 18.18

93 7.577E+00 6.879E+00 8.904E-02 2.7223E-02 18.12

94 7.517E+00 7.012E+00 9.036E-02 2.7286E-02 18.07

95 7.457E+00 7.145E+00 9.168E-02 2.7348E-02 18.02

96 7.399E+00 7.280E+00 9.300E-02 2.74J0E-02 17.96

97 7.342E+00 7.416E+00 9.433E-02 2.7471 E-02 17.91

98 7.285E+00 7.552E+00 9.566E-02 2.7532E-02 17.86

99 7.230E+00 7.690E+00 9.700E-02 2.7592E-02 17.81

100 7.176E+00 7.829E+00 9.834E-02 2.7652E-02 17.76

101 7.123E+00 7.969E+00 9.969E-02 2.7710E-02 17.71

102 7.071 E+00 8.110E+00 1.010E-01 2.7769E-02 17.67

103 7.020E+00 8.252E+00 1.024E-01 2.7827E-02 17.63

104 6.970E+00 8.395E+00 1.038E-01 2.7884E-02 17.59

105 6.921E+00 8.539E+00 1.051 E-01 2.7941E-02 17.56

106 6.873E+00 8.684E+00 1.065E-01 2.7997E-02 17.52

107 6.825E+00 8.830E+00 1.079E-01 2.8053E-02 17.49

108 6.778EHX) 8.977E+00 1.092E-01 2.8108E-02 17.45

109 6.733E+00 9.125 E+00 1.106E-01 2.8163E-02 17.42

110 6.688E+00 9.274E+00 1.120E-01 2.8217E-02 17.39

111 6.643E+00 9.424E+00 1.134E-01 2.8271E-02 17.36

112 6.600E+00 9.575E+00 1.148E-01 2.8325E-02 17.33

190



PROTONSIN OPTICAL CEMENTBC-600

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVem2 g"1 g cm'2

113 6.557E+00 9.727E+00

114 6.515E+00 9.880E+00

115 6.473E+00 1.003E+01

116 6.433E+00 1.019E+01

117 6.393E+00 1.034E+01

118 6.353E+00 1.050E+01

119 6.314E+00 1.066E+01

120 6.276E+00 1.082E+01

121 6.239E+00 1.098E+01

122 6.202E+00 1.1J4E+01

123 6.165E+00 1.130E+01

124 6.129E+00 1.146E+01

125 6.094E+00 1.163E+01

126 6.059E+00 1.179E+01

127 6.025E+00 1.196E+01

128 5.991E+00 1.212E+01

129 5.95XE+00 1.229E+01

130 5.925E+00 1.246E+01

131 5.893E+00 1.263E+01

132 5.861E+00 1.280E+01

133 5.829E+00 1.297E+01

134 5.799E+00 I.314E+01

135 5.768E+00 1.331 E+01

136 5.738E+00 1.349E+01

137 5.708E+00 1.366E+01

138 5.679E+00 1.384E+01

139 5.650E+00 1.402E+01

140 5.622E+00 1.419E+01

141 5.594E+00 1.437E+01

142 5.566E+00 1.455E+01

143 5.539E+00 1.473E+01

144 5.512E+00 1.491E+01

145 5.485E+00 1.509E+01

146 5.459E+00 1.528E+01

147 5.433E+00 1.546E+01

148 5.407E+00 1.564E+01

149 5.382E+00 1.583E+01

150 5.357E+00 1.602E+01

151 5.333E+00 1.620E+01

152 5.308E+00 1.639E+01

153 5.284E+00 1.658E+01

154 5.261 E+00 1.677E+01

155 5.237E+00 1.696E+01

156 5.214E+00 1.715E+01

157 5.191E+00 1.734E+01

158 5.169E+00 1.754E+01

159 5.146E+00 1.773E+01

160 5.124E+00 1.793E+01

161 5.103E+00 1.812E+01

162 5.081E+00 1.832E+01

163 5.060E+00 1.851E+01

164 5.039E+00 1.871E+01

165 5.018E+00 1.891E+01

166 4.998E+00 1.911E+01

167 4.977E+00 1.931 E+01

168 4.957E+00 1.951 E+01

169 4.937E+00 1.971E+01

170 4.918E+00 1.992E+01

171 4.898E+00 2.012E+01

172 4.879E+00 2.033E+01

173 4.860E+00 2.053E+01

174 4.842E+00 2.074E+01

175 4.823E+00 2.094E+01

176 4.805E+00 2.115E+01

177 4.787E+00 2.136E+01

178 4.769E+00 2.157E+01

179 4.751E+00 2.178E+01

180 4.733 E+00 2.199E+01

181 4.716E+00 2.220E+01

182 4.699E+00 2.242E+01

183 4.6X2E+00 2.263E+01

<*ltcs (°/A)
10"27

rad2 cm2 g"

1.162E-01 2.8378E-02 17.30

1.176E-01 2.8430E-02 17.27

1.190E-01 2.8482E-02 17.24

1.204E-01 2.8534E-02 17.22

1.219E-01 2.8585E-02 17.19

1.233E-01 2.8636E-02 17.16

1.247E-01 2.8686E-02 17.13

1.262E-01 2.8736E-02 17.11

1.276E-01 2.8786E-02 17.09

I.290E-01 2.8835E-02 17.06

1.305E-01 2.8884E-02 17.04

1.319E-01 2.8933E-02 17.02

1.334E-01 2.8981E-02 17.00

1.348E-01 2.9029E-02 16.98

1.363E-01 2.9076E-02 16.96

1.378E-01 2.9123E-02 16.94

1.392E-01 2.9170E-02 16.92

1.407E-01 2.9216E-02 16.90

1.422E-01 2.9262E-02 16.88

1.437E-01 2.9308E-02 16.87

1.452E-01 2.9353E-02 16.85

1.466E-01 2.9398E-02 16.83

1.481E-01 2.9443E-02 16.81

1.496E-01 2.9488E-02 16.80

1.511 E-01 2.9532E-02 16.78

1.526E-01 2.9575E-02 16.77

1.542E-01 2.9619E-02 16.75

1.557E-01 2.9662E-02 16.74

1.572E-01 2.9705E-02 16.72

I.587E-01 2.9748E-02 16.71

1.602E-01 2.9790E-02 16.70

1.618E-01 2.9X32E-02 16.68

1.633E-01 2.9X74E-02 16.67

1.648E-01 2.9915E-02 16.66

1.664E-01 2.9956E-02 16.64

1.679E-01 2.9997E-02 16.63

1.694E-01 3.0038E-02 16.62

1.710E-01 3.0079E-02 16.61

1.725E-01 3.0119E-02 16.60

1.741E-01 3.0159E-02 16.58

1.756E-01 3.0198E-02 16.57

1.772E-01 3.0238E-02 16.56

1.788E-01 3.0277E-02 16.55

1.803E-01 3.0316E-02 16.54

1.X19E-01 3.0354E-02 16.53

1.835E-01 3.0393E-02 16.52

1.850E-01 3.0431E-02 16.51

1.X66E-01 3.0469E-02 16.50

1.XX2E-01 3.0507E-02 16.49

1.898E-01 3.0544E-02 16.48

1.914E-01 3.0582E-02 16.47

1.929E-01 3.0619E-02 16.47

1.945E-01 3.0655E-02 16.46

1.961E-01 3.0692E-02 16.45

1.977E-01 3.0729E-02 16,44

1.993E-01 3.0765E-02 16.43

2.009E-01 3.0801 E-02 16.42

2.025E-01 3.0837E-02 16.42

2.041E-01 3.0872E-02 16.41

2.057E-01 3.0908E-02 16.40

2.073 E-01 3.0943E-02 16.39

2.090E-01 3.0978E-02 16.39

2.106E-01 3.1013E-02 16.38

2.122E-01 3.1047E-02 16.37

2.138E-01 3.1082E-02 16.36

2.154E-01 3.1116E-02 16.36

2.170E-01 3.1150E-02 16.35

2.187E-01 3.1184E-02 16.34

2.203E-01 3.1217E-02 16.34

2.219E-01 3.1251E-02 16.33

2.236E-01 3.1284E-02 16.33

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g"1 g cm"2

184 4.665E+00 2.284E+01

185 4.648E+00 2.306E+01

186 4.632E+00 2.327E+01

187 4.616E+00 2.349E+01

188 4.599E+00 2.371E+01

189 4.583E+00 2.392E+01

190 4.568E+00 2.414E+01

191 4.552E+00 2.436E+01

192 4.537E+00 2.458E+01

193 4.521 E+00 2.480E+01

194 4.506E+00 2.502E+01

195 4.491E+00 2.525E+01

196 4.476E+00 2.547E+01

197 4.461 EtOO 2.569E+01

198 4.447E+00 2.592E+01

199 4.432E+00 2.614E+01

200 4.418E+00 2.637E+01

201 4.404E+00 2.660E+01

202 4.390E+00 2.682E+01

203 4.376EM10 2.705E+01

204 4.362E+00 2.728E+01

205 4.348E+00 2.751E+01

206 4.335E+00 2.774E+01

207 4.322 E+00 2.797E+01

208 4.308E+00 2.820E+01

209 4.295E+00 2.844E+01

210 4.282E+00 2.867E+01

211 4.269E+00 2.890E+01

212 4.257E+00 2.914E+01

213 4.244E+00 2.937E+01

214 4.231 E+00 2.961 E+01

215 4.219E+00 2.984E+01

216 4.207E+00 3.008E+01

217 4.194E+00 3.032E+01

218 4.182E+00 3.056E+01

219 4.170E+00 3.080E+01

220 4.158E+00 3.104EK11

221 4.147E+00 3.128Ë+01

222 4.135E+00 3.152E+01

223 4.123E+00 3.176E+01

224 4.112E+00 3.201E+01

225 4.101E+00 3.225E+01

226 4.089E+00 3.249E+01

227 4.078EI-00 3.274E+01

228 4.067E+00 3.298E+01

229 4.056E+00 3.323E+01

230 4.045E+00 3.348E+01

231 4.034E+00 3.372E+01

232 4.024E+00 3.397E+01

233 4.013E+00 3.422E+01

234 4.002E+00 3.447E+01

235 3.992E+00 3.472E+01

236 3.982E+00 3.497E+01

237 3.971E+00 3.522E+01

238 3.961E+00 3.548E+01

239 3.951 E+00 3.573E+01

240 3.941E+00 3.598E+01

241 3.931E+00 3.624Ë+01

242 3.921E+00 3.649E+01
243 3.911 E+00 3.675E+01

244 3.902E+00 3.700E+01

245 3.892E+00 3.726E+01

246 3.883E+00 3.752E+01

247 3.873E+00 3.777E+01

248 3.864E+00 3.803E+01

249 3.854E+00 3.829E+01

250 3.845E+00 3.855E+01

/V a2Mrs (a/A)
10""

rad cm g"

2.252E-01 3.1317E-02 16.32

2.268E-01 3.1350E-02 16.31

2.285E-01 3.1383E-02 16.31

2.301E-01 3.1416E-02 16.30

2.317E-01 3.1448E-02 16.30

2.334E-01 3.1480E-02 16.29

2.350E-01 3.1512E-02 16.29

2.367E-01 3.1544E-02 16.28

2.383E-01 3.1576E-02 16.27

2.400E-01 3.1608E-02 16.27

2.416E-01 3.1639E-02 16.26

2.432E-01 3.1671E-02 16.26

2.449E-01 3.1702E-02 16.25

2.466E-01 3.1733E-02 16.25

2.482E-01 3.1764E-02 16.24

2.499E-01 3.1794E-02 16.24

2.515E-01 3.1825E-02 16.24

2.532E-01 3.1855E-02 16.23

2.54XE-01 3.1885E-02 16.23

2.565E-01 3.1915E-02 16.22

2.582E-01 3.1945E-02 16.22

2.598E-01 3.1975E-02 16.21

2.615E-01 3.2005E-02 16.21

2.631 E-01 3.2034E-02 16.20

2.648E-01 3.2064E-02 16.20

2.665E-01 3.2093E-02 16.20

2.681E-01 3.2122E-02 16.19

2.698E-01 3.2151E-02 16.19

2.715E-01 3.2180E-02 16.19

2.731E-01 3.2208E-02 16.18

2.748E-01 3.2237E-02 16.18

2.765E-01 3.2265E-02 16.17

2.782E-01 3.2294E-02 16.17

2.798E-01 3.2322E-02 16.17

2.815E-01 3.2350E-02 16.16

2.832E-01 3.2378E-02 16.16

2.848E-01 3.2406E-02 16.16

2.865E-01 3.2433E-02 16.15

2.882E-01 3.2461E-02 16.15

2.899E-01 3.2488E-02 16.15

2.915E-01 3.2515E-02 16.14

2.932E-01 3.2543E-02 16.14

2.949E-01 3.2570E-02 16,14

2.966E-01 3.2597E-02 16.13

2.983E-01 3.2623E-02 16.13

2.999E-01 3.2650E-02 16.13

3.016E-01 3.2677E-02 16,13

3.033E-O1 3.2703E-02 16.12

3.050E-01 3.2729E-02 16.12

3.066E-01 3.2756E-02 16.12

3.083E-01 3.2782E-02 16.11

3.100E-01 3.2808E-02 16.11

3.117E-01 3.2834E-02 16.11

3.133E-01 3.2859E-02 16.11

3.150E-01 3.2885E-02 16.10

3.167E-01 3.2911E-02 16.10

3.184E-01 3.2936E-02 16.10

3.201E-01 3.2961E-02 16.10

3.217E-01 3.2987E-02 16.09

3.234E-01 3.3012E-02 16.09

3.251E-01 3.3037E-02 16.09

3.268E-01 3.3062E-02 16.09

3.284E-01 3.3087E-02 16.08

3.301E-01 3.3111E-02 16.08

3.318E-01 3.3136E-02 16.08

3.335E-01 3.3161E-02 16.08

3.351E-01 3.3185E-02 16.07
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Appendix D: Proton Data Tables

Based on

Janni/-values

PROTONSIN PLEXIGLAS (LUCTTE)

Density p [g cm'1]:
Radiation length Xo [g cm"2]:
Mean ionisation energy I [eV]:

1.18

40.549

69.7 (Bragg additivity)

COMPOSITION:

Element

Z

A

%by weight
/feVl

H

1

1.0079

0.08054

20.48

C

6

12.0107

0.59984

73.8

O

X

15.9994

0.31962

115.7

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVg"1 cm2 g cm"2

1

2

3

4

5

6

7

X

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

2.577E+02

1.569E+02

1.158E+02

9.290E+01

7.808E+01

6.764E+01

5.985E+01

5.380E+01

4.895E+01

4.497E+01

4.164E+01

3.881E+01

3.637E+01

3.425E+01

3.238E+01

3.073E+01

2.925E+01

2.792E+01

2.672E+01

2.562E+01

2.462E+01

2.371 E+01

2.287E+01

2.209E+01

2.137E+01

2.070E+01

2.007E+01

1.949E+01

1.894E+0I

1.842E+01

1.794E+01

1 749E+01

1.706E+01

1.665E+01

1.626E+01

1.590E+01

1.555E+01

1.522E+01

1.490E+01

1.460E+01

1.432E+01

1.404EMH

1.378E+01

1.353E+01

1.329E+01

1.306E+01

1.283E+01

1.262E+01

1.241 E+01

1.222E+01

1.203E+01

1.184E+01

1.166E+01

1.149E+01

1.133E+01

2.326E-03

7.484E-03

1.500E-02

2.471 E-02

3.650E-02

5.030E-02

6.605E-02

8.371E-02

1.032E-01

1.246E-01

1.477E-0)

1.726E-01

1.992E-01

2.276E-01

2.576E-01

2.893E-01

3.227E-01

3.577E-01

3.943E-01

4.325E-01

4.724E-01

5.138E-01

5.567E-01

6.012E-01

6.473E-01

6.94XE-01

7.439E-01

7.945E-01

X.465E-01

9.001 E-01

9.551E-01

1.012E+00

1.069E+00

1.129E+00

1.190E+00

1.252E+00

1.315E+00

1.380E+0O

1.447E+00

1.515E+00

1.584E+00

1.654E+00

1.726E+00

1.799E+00

1.874E+00

1.950E+00

2.027E+00

2.106E+00

2.186E+00

2.267E+00

2.349E+00

2.433E+00

2.5 IX E+00

2.605E+00

2.692E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

3.785E-05

1.372E-04

2.856E-04

4.850E-04

7.365E-04

1.043E-03

1.406E-03

1.827E-03

2.303E-03

2.833E-03

3.415 E-03

4.045E-03

4,721 E-03

5.441 E-03

6.201E-03

6.998E-03

7.829E-03

8.691E-03

9.582E-03

1.050E-02

1.144E-02

1.239E-02

1.337E-02

1.436E-02

1.537E-02

1.639E-02

1.742E-02

1.846E-02

1.951 E-02

2.057E-02

2.164E-02

2.272E-02

2.38) E-02

2.491E-02

2.601E-02

2.712E-02

2.823 E-02

2.935 E-02

3.048E-02

3.161E-02

3.274E-02

3.388E-02

3.502E-02

3.616E-02

3.731 E-02

3.846E-02

3.961 E-02

4.077E-02

4.193 E-02

rad

4.1984E-03

5.9992E-03

7.1529E-03

8.0144E-03

8.7074E-03

9.2901E-03

9.7945E-03

1.0240E-02

1.0640E-02

1.1003E-02

1.1336E-02

1.1644E-02

1.193OE-02

1.2198E-02

1.2449E-02

1.2687E-02

1.2911 E-02

1.3125E-02

1.3328E-02

1.3522E-02

1.3708E-02

1.3886E-02

1.4058E-02

1.4222E-02

1.4381E-02

1.4535E-02

1.4683E-02

1.4826E-02

1.4965E-02

1.5100E-02

1.5231E-02

1.535XE-02

1.5482E-02

1.5602E-02

1.5720E-02

1.5834E-02

1.5945E-02

1.6054E-02

1.6161E-02

1.6265E-02

1.6366E-02

1.6466E-02

1.6563E-02

1.6659E-02

1.6752E-02

1.6844E-02

1.6934E-02

1.7022E-02

1.7108E-02

1.7193E-02

1.7277E-02

1.7359E-02

1.7439E-02

1.7518E-02

1.7596E-02

(a/A)

ior
cm2g'

0.000

0.000

0.000

0.000

0.000

0.000

7.527

10.98

14.12

16.82

19.22

21.60

23.72

25.57

27.12

28.46

29.55

30.44

31.14

31.68

32.06

32.30

32.42

32.44

32.36

32.21

31.98

31.70

31.37

31.00

30.63

30.25

29.87

29.49

29.12

28.75

28.39

28.03

27.68

27.33

26.99

26.64

26.30

25.96

25.63

25.31

24.99

24.68

24.39

24.11

23.84

23.58

23.33

23.08

22.85

56 1.117E+01 2.781E+00 4.310E-02 1.7673E-02 22.61

RGY STOPPING CSDA p
1

nvc

2

^Mrs (M)
POWER RANGE 10"

eV MeVg"1 em
2

g cm"2 rad2 cm1 g"

57 1.101E+01 2.871E+00 4.427E-02 1.7748E-02 22.37

58 1.086E+01 2.963E+00 4.544E-02 1.7822E-02 22.15

59 1.072E+01 3.056E+00 4.661 E-02 1.7895 E-02 21.93

60 1.058E+01 3.150E+00 4.779E-02 1.7967E-02 21.72

61 1.044E+01 3.245E+00 4.897E-02 1.S038E-02 21.52

62 1.031 E+01 3.341E+00 5.015E-02 1.8108E-02 21.33

63 1.01XE+01 3.439E+00 5.134E-02 1.8176E-02 21.15

64 1.005E+01 3.538E+00 5.253E-02 1.8244E-02 20.98

65 9.933E+00 3.638E+00 5.372E-02 1.8311 E-02 20.81

66 9.815E+00 3.739E+00 5.491 E-02 1.8377E-02 20.65

67 9.701E+00 3.841 E+00 5.611 E-02 1.8442E-02 20.48

68 9.589E+00 3.945E+00 5.732E-02 1.8506E-02 20.33

69 9.481 E+00 4.050E+00 5.852E-02 1.8569E-02 20.17

70 9.376E+00 4.156E+00 5.973E-02 1.8632E-02 20.03

71 9.273E+00 4.263E+00 6.094E-02 1.8693E-02 19.90

72 9.174E+00 4.372E+00 6.216E-02 1.8754E-02 19.77

73 9.076E+00 4.481 E+00 6.338E-02 1.8814E-02 19.65

74 8.981E+00 4.592E+00 6.460E-02 1.8873E-02 19.53

75 8.889E+00 4.704E+00 6.583E-02 1.8932E-02 19.41

76 8.799E+00 4.817E+00 6.706E-O2 1.8990E-02 19.30

77 8.711 E+00 4.931 E+00 6.829E-02 1.9047E-02 19.18

78 8.625E+00 5.047E+00 6.953E-02 1.9104E-02 19.07

79 8.541E+00 5.163E+00 7.077E-02 1.9159E-02 18.96

80 8.459E+00 5.281E+00 7.201 E-02 1.9215E-02 18.87

81 8.379E+00 5.400E+00 7.326E-02 1.9269E-02 18.78

82 8.301E+00 5.520E+0O 7.452E-02 1.9323 E-02 18.70

83 8.224E+00 5.641 E+00 7.577E-02 1.9376E-02 18.62

84 8.150E+00 5.763E+00 7.704E-02 1.9429E-02 18.55

85 8.077E+00 5.886E+00 7.830E-02 1.9481E-02 18.47

86 8.005E+00 6.010E+00 7.958E-02 1.9533E-02 18.40

87 7.935E+00 6.136E+00 8.085E-02 1.9584E-02 18.32

88 7.867E+00 6.262E+00 8.213E-02 1.9634E-02 18.24

89 7.800E+00 6.390E+00 8.342E-02 1.9684E-02 18.17

90 7.734E+00 6.519E+00 8.470E-02 1.9734E-02 18.10

91 7.670E+00 6.649E+00 8.600E-02 1.9783E-02 18.05

92 7.607E+00 6.780E+00 8.730E-02 1.9831E-02 17.99

93 7.545E+00 6.912E+00 X.X60E-02 1.9879E-02 17.95

94 7.485E+00 7.045E+00 X.991E-02 1.9927E-02 17.90

95 7.426E+00 7.179E+00 9.122E-02 1.9974E-02 17.85

96 7.368E+00 7.314E+00 9.254E-02 2.0020E-02 17.80

97 7.31IE+00 7.450E+00 9.386E-02 2.0066E-02 17.75

98 7.255 E+00 7.588E+00 9.519E-02 2.0112E-02 17.70

99 7.200E+00 7.726E+00 9.652E-02 2.0157E-02 17.66

100 7.147E+00 7.865E+00 9.786E-02 2.0202E-02 17.61

101 7.094E+00 8.006E+00 9.920E-02 2.0247E-02 17.57

102 7.042E4 00 8.147E+00 1.005 E-01 2.0291 E-02 17.53

103 6.991E+00 8.290Ë+00 1.019E-01 2.0334E-02 17.50

104 6.941 E+00 8.433E+00 1.033E-01 2.0377E-02 17.46

105 6.892E+00 8.578E+00 1.046E-01 2.0420E-02 17.43

106 6.844E+00 8.723 E-tOO 1.060E-01 2.0463 E-02 17.40

107 6.797E+00 8.870E+00 1.074E-01 2.0505E-02 17.38

108 6.751 E+00 9.018E+00 1.087E-01 2.0546E-02 17.35

109 6.705E+00 9.166E+00 1.101E-01 2.0588E-02 17.33

110 6.660E+00 9.316E+00 1.115E-01 2.0629E-02 17.30

111 6.616E+00 9.467E+00 1.129E-01 2.0669E-02 17.28

112 6.573E+00 9.618E+00 1.143E-01 2.0710E-02 17.25
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PROTONSIN PLEXIGLAS (LUCITE)

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g"1 g cm"2

113 6.530E+00 9.771 E+00

114 6.488E+00 9.925E+00

115 6.447E+00 1.008E+01

116 6.407E+00 1.023E+01

117 6.367E+00 1.039E+01

118 6.327E+00 1.055E+01

119 6.289E+00 1.071 E+01

120 6.251E+00 1.087E+01

121 6.213E+00 1.103E+01

122 6.177E+00 1.119E+01

123 6.140E+00 1.135E+01

124 6.105E+00 1.151E+01

125 6.069E+00 1.168E+01

126 6.035E+00 1.184E+01

127 6.001E+00 1.201E+01

128 5.967E+00 1.218E+01

129 5.934E+00 1.235E+01

130 5.901E+00 1.251E+01

131 5.869E+00 1.268E+01

132 5.838E+00 1.286E+01

133 5.806E+00 1.303E+01

134 5.776E+00 1.320E+01

135 5.745E+00 1.337E+01

136 5.715E+00 1.355E+01

137 5.686E+00 1.372E+01

138 5.657E+00 1.390E+01

139 5.628E+00 1.408E+01

140 5.600E+00 1.425E+01

141 5.572E+0O 1.443E+01

142 5.544E+00 1.461 E+01

143 5.517E+00 1.479E+01

144 5.490E+00 1.498E+01

145 5.464E+00 1.516E+01

146 5.437E+00 1.534E+01

147 5.412E+00 1.553E+01

148 5.386E+00 1.571 E+01

149 5.361E+00 1.590E+01

150 5.336E+00 1.609E+01

151 5.312E+00 1.627E+01

152 5.288E+00 1.646E+01

153 5.264E+00 1.665E+01

154 5.240E+00 1.684E+01

155 5.217E+00 1.703E+01

156 5.194E+00 1.722E+01

157 5.171E+00 1.742E+01

158 5.149E+00 1.761E+01

159 5.126E+00 1.781 E+01

160 5.105E+00 1.800E+01

161 5.083E+00 1.820E+01

162 5.061E+00 1.840E+01

163 5.040E+00 1.859E+01

164 5.019E+00 1.879E+01

165 4.999E+00 1.899E+01

166 4.978E+00 1.919E+01

167 4.958E+00 1.939E+01

168 4.938E+00 1.960E+01

169 4.918E+00 1.980E+01

170 4.899E+00 2.000E+01

171 4.880E+00 2.021E401

172 4.861E+00 2.041E+01

173 4.842E+00 2.062E+01

174 4.823E+00 2.083E+01

175 4.805E+00 2.103E+01

176 4.786E+00 2.124E+01

177 4.768E+00 2.145E+01

178 4.750E+00 2.166E+01

179 4.733E+00 2.187E+01

180 4.715E+00 2.208E+01

181 4.698E+00 2.230E+01

182 4.681E+00 2.251E+01

183 4.664E+00 2.272E+01

P. <A«s (^)
10"27

rad2 cm2 g"1

1.157E-01 2.0750E-02 17.23

1.171E-01 2.0789E-02 17.20

1.185E-01 2.0829E-02 17.18

1.199E-01 2.0868E-02 17.15

1.214E-01 2.0906E-02 17.13

1.228E-01 2.0945E-02 17.11

1.242E-01 2.0983E-02 17.08

1.256E-01 2.1020E-02 17.06

1.271E-01 2.1058E-02 17.04

1.285E-01 2.1095E-02 17.02

1.300E-01 2.1132E-02 17.01

1.314E-01 2.1168E-02 16.99

1.329E-01 2.1205E-02 16.97

1.344E-01 2.1241E-02 16.95

1.358E-01 2.1277E-02 16.94

1.373E-01 2.1312E-02 16.92

1.388E-01 2.1347E-02 16.91

1.403E-01 2.1382E-02 16.89

1.417E-01 2.1417E-02 16.88

1.432E-01 2.1452E-02 16.86

1.447E-01 2.1486E-02 16.85

1.462E-01 2.1520E-02 16.83

1.477E-01 2.1554E-02 16.82

1.492E-01 2.1587E-02 16.81

1.507E-01 2.1620E-02 16.80

1.522E-01 2.1653E-02 16.78

1.538E-01 2.1686E-02 16.77

1.553E-01 2.1719E-02 16.76

1.568E-01 2.1751E-02 16.75

1.583E-01 2.1783E-02 16.74

1.599E-01 2.1815E-02 16.72

1.614E-01 2.1847E-02 16.71

1.629E-01 2.1879E-02 16.70

1.645E-01 2.1910E-02 16.69

1.660E-01 2.1941E-02 16.68

1.676E-01 2.1972E-02 16.67

1.691E-01 2.2003E-02 16.66

1.707E-01 2.2033E-02 16.65

1.723E-01 2.2064E-02 16.64

1.738E-01 2.2094E-02 16.63

I.754E-01 2.2124E-02 16.63

1.770E-01 2.2153E-02 16.62

1.785E-01 2.2183E-02 16.61

1.801 E-01 2.2212E-02 16.60

1.817E-01 2.2242E-02 16.59

1.833E-01 2.2271 E-02 16.58

1.849E-01 2.2299E-02 16.57

1.864E-01 2.2328E-02 16.57

1.880E-01 2.2357E-02 16.56

1.896E-01 2.23X5E-02 16.55

1.912E-01 2.2413E-02 16.54

1.928E-01 2.2441E-02 16.54

1.944E-01 2.2469E-02 16.53

1.960E-01 2.2497E-02 16.52

1.976E-01 2.2524E-02 16.52

1.993E-01 2.2551E-02 16.51

2.009E-01 2.2579E-02 16.50

2.025E-01 2.2606E-02 16.50

2.041E-01 2.2633E-02 16.49

2.057E-01 2.2659E-02 16.48

2.074E-01 2.2686E-02 16.48

2.090E-01 2.2712E-02 16,47

2.106E-01 2.2739E-02 16.47

2.122E-01 2.2765E-02 16.46

2.139E-01 2.2791E-02 16.46

2.155E-01 2.2817E-02 16.45

2.171E-01 2.2842E-02 16.44

2.188E-01 2.2868E-02 16.44

2.204E-01 2.2893E-02 16.43

2.221E-01 2.2919E-02 16.43

2.237E-01 2.2944E-02 16.42

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g'1 g cm-2

184 4.647E+00 2.294E+01

185 4.631 E+00 2.315E+01

186 4.614E+00 2.337E+01

1X7 4.598E+00 2.359E+01

1XX 4.582E+00 2.380E+01

189 4.566E+00 2.402E+01

190 4.550E+OO 2.424E+01

191 4.535E+00 2.446E+01

192 4.519E+00 2.468E+01

193 4.504E+00 2.491E+01

194 4.489E+00 2.513E+01

195 4.474E+00 2.535E+01

196 4.459EF-00 2.557E+01

197 4.445E^)0 2.580E+01

198 4.430E+00 2.602 E+01

199 4.416E+00 2.625E+01

200 4.402E+00 2.648E+01

201 4.387E+00 2.671E+01

202 4.373 E+00 2.693E+01

203 4.360E+00 2.716E+01

204 4.346E+00 2.739E+01

205 4.332E+00 2.762E+01

206 4.319E+00 2.785E+01

207 4.306E+00 2.809E+01

208 4.292E+00 2.832E+01

209 4.279E+00 2.855E+01

210 4.266E+00 2.879E+01

211 4.253E+00 2.902E+01

212 4.241 E+00 2.926E+01

213 4.228E+00 2.949E+01

214 4.216E+00 2.973E+01

215 4.203E+00 2.997E+01

216 4.191E+00 3.020E+01

217 4.179E+00 3.044E+01

218 4.167E+00 3.068E+01

219 4.155E+00 3.092E+01

220 4.143E+00 3.116E+01

221 4.131E+00 3.141Ë+01

222 4.120E+00 3.165E+01

223 4.108E+00 3.189E+01

224 4.097E+00 3.214E+01

225 4.085E+00 3.238E+01

226 4.074E+00 3.263E+01

227 4.063E+00 3.287E+01

228 4.052E+00 3.312E+01

229 4.041E+00 3.336E+01

230 4.030E+00 3.361E+01

231 4.020E+00 3.3X6E+01

232 4.009E+00 3.411E+01

233 3.998E+00 3.436E+01

234 3.988E+00 3.461E+01

235 3.977E+00 3.486E+01

236 3.967E+00 3,511 E+01

237 3.957E+00 3.537E+01

238 3.947E+00 3.562E+01

239 3.937E+00 3.587E+01

240 3.927E+00 3.613E+01

241 3.917E+00 3.638E+01

242 3.907E+00 3.664E+01

243 3.897E+00 3.689E+01

244 3.888E+00 3.715E+01

245 3.878E+00 3.741E+01

246 3.869E+00 3.767E+01

247 3.859E+00 3.792E+01

248 3.850E+00 3.818E+0I

249 3.840E+00 3.844E+0)

250 3.831E+00 3.871E+01

P«- <*mcs (a/A)
10"

rad cm" g"

2.254E-01 2.2969E-02 16.42

2.270E-01 2.2994E-02 16.41

2.287E-01 2.3019E-02 16.41

2.303E-01 2.3043E-02 16.40

2.320E-01 2.3068E-02 16.40

2.336E-01 2.3092E-02 16.40

2.353E-01 2.3U6E-02 16.39

2.369E-01 2.3140E-02 16.39

2.386E-01 2.3165E-02 16.38

2.403 E-01 2.3188E-02 16.38

2.419E-01 2.3212E-02 1.6.37

2.436E-01 2.3236E-02 16.37

2.453E-01 2.3259E-02 16.37

2.469E-01 2.3283E-02 16.36

2.486E-01 2.3306E-02 16.36

2.503E-01 2.3329E-02 16.35

2.520E-01 2.3352E-02 16.35

2.536E-01 2.3375E-02 16.35

2.553E-01 2.3398E-02 16.34

2.570E-O1 2.3421 E-02 16.34

2.587E-01 2.3443E-02 16.34

2.603E-01 2.3466E-02 16.33

2.620E-01 2.3488E-02 16.33

2.637E-01 2.3511E-02 16.33

2.654E-01 2.3533E-02 16.32

2.671E-01 2.3555E-02 16.32

2.688E-01 2.3577E-02 16.32

2.704E-01 2.3599E-02 16.31

2.721E-01 2.3621E-02 16.31

2.738E-01 2.3642E-02 16.31

2.755E-01 2.3664E-02 16.30

2.772E-01 2.3685E-02 16.30

2.789E-01 2.3707E-02 16.30

2.806E-01 2.3728E-02 16.29

2.823E-01 2.3749E-02 16,29

2.839E-01 2.377OE-02 16.29

2.856E-01 2.3791 E-02 16.29

2.873E-01 2.3812E-02 16.28

2.890E-01 2.3833E-02 16.28

2.907E-01 2.3854E-02 16.28

2.924E-01 2.3874E-02 16.28

2.941E-01 2.3895E-02 16.27

2.958E-01 2.3915E-02 16.27

2.975E-01 2.3936E-02 16.27

2.992E-01 2.3956E-02 16.27

3.009E-01 2.3976E-02 16.26

3.026E-01 2.3996E-02 16.26

3.043E-01 2.4016E-02 16.26

3.060E-01 2.4036E-02 16.26

3.077E-01 2.4056E-02 16.25

3.094E-01 2.4076E-02 16.25

3.111E-01 2.4095E-02 16.25

3.127E-01 2.4115E-02 16.25

3.144E-01 2.4134E-02 16.25

3.161E-01 2.4154E-02 16.24

3.178E-01 2.4173E-02 16.24

3.195E-01 2.4193E-02 16.24

3.212E-01 2.4212E-02 16.24

3.229E-01 2.4231E-02 16.24

3.246E-01 2.4250E-02 16.23

3.263E-01 2.4269E-02 16.23

3.280E-01 2.4288E-02 16.23

3.297E-01 2.4306E-02 16.23

3.314E-01 2.4325E-02 16.23

3.331 E-01 2.4344E-02 16.22

3.348E-01 2.4362E-02 16.22

3.365E-01 2.4381E-02 16.22
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Appendix D: Proton Data Tables

Based on

Janni /-values

PROTONSIN POLYETHYLENE

Density/) [g cm"3]:
Radiation length Xo [g cm"2]:
Mean ionisation energy I [eV]:

0.95

44.774

53.6 (Bragg additivity)

COMPOSITION;

Element

Z

A

%by weight

/[eV]

H

1

1.0079

0.14372

20.48

C

6

12.0107

0.85628

73.8

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVg"1 cm2 g cm"2

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

2.948E+02

I.773E+02

1.301E+02

1.040E+02

8.712E+01

7.531 E+01

6.653E+01

5.972E+01

5.428E+01

4.981 E+01

4.609E+01

4.292E+01

4.020E+01

3.783E+01

3.575E+01

3.390E+01

3.226E+01

3.07XE+01

2.944E+01

2.823E+01

2.712E+01

2.610E+01

2.517E+01

2.431E+01

2.351E+01

2.276E+01

2.207E+01

2.142E+01

2.082E+01

2.025E+01

1.971 E+01

1.921E+01

1.873E+01

1.828E+01

1.786E+01

1.745E+01

1.707E+01

1.670E+01

1.635E+01

1.602E+01

1.571E+01

1.540E+01

1.511E+01

1.484E+01

1.457E+01

1.431 E+01

1.407E+01

1.383E+01

1.361 E+01

1.339E+01

1.318E+01

1.298E+01

1.278 E+01

1.259E+01

1.241 E+01

2.004E-03

6.546E-03

1.322E-02

2.188E-02

3.244E-02

4.482E-02

5.898E-02

7.487E-02

9.246E-02

1.117E-01

1.326E-01

1.551 E-01

1.792E-01

2.048E-01

2.321E-01

2.608E-01

2.910E-01

3.228E-01

3.560E-01

3.907E-01

4.269E-01

4.645E-01

5.035E-01

5.439E-01

5.858E-01

6.290E-01

6.736E-01

7.196E-01

7.670E-01

8.157E-01

8.658E-01

9.172E-01

9.699E-01

1.024E+00

1.079E+00

1.136E+00

1.194E+00

1.253E+00

1.314E+00

1.375E+00

1.438E+00

1.503E+00

1.568E+00

1.635E+00

1.703E+00

1.772E+00

1.843E+00

1.914E+00

1.987E+00

2.061 E+00

2.137E+00

2.213E+00

2.291E+00

2.370E+00

2.450E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

2.176E-05

7.838E-05

1.647E-04

2.882E-04

4.551E-04

6.707E-04

9.383E-04

1.260E-03

1.636E-03

2.065E-03

2.545E-03

3.074E-03

3.649E-03

4.265E-03

4.920E-03

5.611E-03

6.333E-03

7.085E-03

7.863E-03

8.664E-03

9.487E-03

1.03 3 E-02

1.119E-02

1.206E-02

1.295E-02

1.385E-02

1.476E-02

1.56XE-02

1.661 E-02

1.754E-02

1.849E-02

1.944E-02

2.040E-02

2.136E-02

2.232E-02

2.330E-02

2.427E-02

2.525E-02

2.623E-02

2.722E-02

2.821E-02

2.921E-02

3.020E-02

3.120E-02

3.221 E-02

3.321E-02

3.422E-02

3.523E-02

3.625E-02

rad2

3.1784E-03

4.5786E-03

5.4X24E-03

6.1601E-03

6.7068E-03

7.1673E-03

7.5665E-03

7.9196E-03

8.2367E-03

8.5249E-03

8.7893E-03

9.0338E-03

9.2613E-03

9.4741E-03

9.6742E-03

9.8631E-03

1.0042E-02

1.0212E-02

1.0374E-02

1.052XE-02

1.0677E-02

1.0819E-02

1.0955E-02

1.1086E-02

1.1213E-02

1.1335E-02

1.1454E-02

1.1568E-02

1.1679E-02

1.1787E-02

1.1891 E-02

1.1993 E-02

1.2091E-02

1.2188E-02

1.2281 E-02

1.2373E-02

1.2462E-02

1.2549E-02

1.2634E-02

1.2717E-02

1.2798E-02

1.2878E-02

1.2955E-02

1.3032E-02

1.3106E-02

1.31X0 E-02

1.3251E-02

1.3322E-02

1.3391E-02

1.3459E-02

1.3526E-02

1.3591E-02

1.3656E-02

1.3719E-02

1.3781E-02

(a/A)
10"27

cm2 g"1

0.000

O.OOO

0.000

0.000

0.000

0.000

4.813

6.903

9.298

11.89

14.55

17.18

19.67

21.94

23.95

25.68

27.13

28.32

29.25

29.97

30.48

30.83

31.03

31.11

31.08

30.98

30.80

30.57

30.29

29.97

29.63

29.28

28.90

28.52

28.13

27.74

27.36

26.97

26.59

26.22

25.85

25.49

25.14

24.80

24.47

24.16

23.85

23.55

23.26

22.98

22.71

22.45

22.20

21.95

21.72

56 1.223E+01 2.531E+00 3.726E-02 1.3842E-02 21,50

RGY STOPPING CSDA Pm,
2

"Mrs (a/A)
POWER RANGE 10""

eV MeVg"1 em
2 -2

gem rad2 cm2 g"

57 1.206E+01 2.613E+00 3.828E-02 1.3903E-02 21.28

58 1.190E+01 2.697E+00 3.931 E-02 1.3962E-02 21.07

59 1.174E+01 2.781E+00 4.033E-02 1.4020E-02 20.87

60 1.158E+01 2.867E+00 4.136E-02 1.4078E-02 20.68

61 1.143E+01 2.954E+00 4.240E-02 1.4135 E-02 20.49

62 1.129 E+01 3.042E+0O 4.343E-02 1.4190 E-02 20.31

63 1.114E+01 3.131 E+00 4.447E-02 1.4245E-02 20.14

64 1.101E+01 3.222E+00 4.551 E-02 1.4300E-02 19.98

65 1.087E+01 3.313E+00 4.656E-02 1.4353E-02 19.82

66 1.074E+01 3.406E+00 4.761 E-02 1.4406 E-02 19.66

67 1.062E+01 3.499E+00 4.866E-02 1.4458E-02 19.51

68 1.050E+01 3.594E+00 4.971 E-02 1.4509E-02 19.37

69 1.038E+01 3.690E+00 5.077E-02 1.4560E-02 19.23

70 1.026E+01 3.787E+00 5.183E-02 1.4610E-02 19.10

71 1.015E+01 3.XX5E+00 5.290E-02 1.4659E-02 18.97

72 1.004E+01 3.984E+00 5.397E-02 1.4708E-02 18.85

73 9.931 E+00 4.084E+00 5.504E-02 1.4756E-02 18.73

74 9.826E+00 4.185E+00 5.611 E-02 1.4803E-02 18.62

75 9.725E+00 4.287E+00 5.719E-02 1.4850E-02 18.50

76 9.625E+00 4.391 E+00 5.827E-02 1.4897E-02 18.40

77 9.529E+00 4.495E+00 5.936E-02 1.4942E-02 18.29

78 9.434E+00 4.601 E+00 6.045E-02 1.4988E-02 18.20

79 9.342E+00 4.707E+00 6.154E-02 1.5032E-02 18.10

80 9.252E+00 4.815E+00 6.264E-02 1.5077E-02 18.01

81 9.164E+00 4.923E+00 6.374E-02 1.5120E-02 17.92

82 9.078E+00 5.033E+00 6.485E-02 1.5163E-02 17.83

83 8.994E+00 5.144E+00 6.595 E-02 1.5206E-02 17.75

84 8.912E+00 5.255E+00 6.707E-02 1.5248E-02 17.67

85 8.831E+00 5.368E+00 6.818E-02 1.5290E-02 17.59

86 8.753E+00 5.482E+00 6.930E-02 1.5331E-02 17.51

87 8.676E+00 5.597E+00 7.042E-02 1.5372E-02 17.44

88 8.601E+00 5.712E+00 7.155E-02 1.5413E-02 17.37

89 8.527E+00 5.829E+00 7.268E-02 1.5453E-02 17.30

90 8.455E+00 5.947E+00 7.382E-02 1.5492E-02 17.23

91 8.385E+00 6.066E+00 7.496E-02 1.5532E-02 17.17

92 8.316E+00 6.185E+00 7.610E-02 1.5571E-02 17.11

93 8.248E+00 6.306E+00 7.725E-02 1.5609E-02 17.05

94 8.) 81 E+00 6.428E+00 7.840E-02 1.5647E-02 16.99

95 8.116E+00 6.551 E+00 7.955E-02 1.56S5E-02 16.93

96 8.053E+00 6.674E+00 8.071E-02 1.5722E-02 16.88

97 7.990E+00 6.799E+00 8.187E-02 1.5759E-02 16.82

98 7.929E+00 6.925E+00 8.304E-02 1.5796E-02 16.77

99 7.869E+00 7.051 E+00 8.421E-02 1.5832E-02 16.72

100 7.810E+00 7.179E+00 8.539E-02 1.5868E-02 16.67

101 7.752E+00 7.307E+00 8.656E-02 1.5903E-02 16.63

102 7.695E+00 7.437E+00 8.775E-02 1.5939E-02 16.58

103 7.639E+00 7.567E+00 8.893E-02 1.5974E-02 16.54

104 7.584E+00 7.699E+00 9.012 E-02 1.6008E-02 16.49

105 7.531 E+00 7.831E+00 9.132E-02 1.6042 E-02 16.45

106 7.478E+00 7.964E+00 9.251 E-02 1.6077E-02 16.41

107 7.426E+00 8.098 E+00 9.371 E-02 1.6110E-02 16.37

108 7.375E+00 8.234E+00 9.492E-02 1.6144E-02 16,33

109 7.325 E+00 8.370E+00 9.613 E-02 1.6177E-02 16.29

110 7.276E+00 8.507E+00 9.734E-02 1.6210E-02 16.26

111 7.227E+00 8.644E+00 9.856E-02 1.6242E-02 16.22

112 7.180E+00 8.783E+00 9.978E-02 1.6275E-02 16.19
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PROTONSIN POLYETHYLENE

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g"' g cm"2

113 7.133E+00 8.923E+00

114 7.087E+00 9.064E+00

115 7.042E+00 9.205E+00

116 6.997E+00 9.348E+00

117 6.953E+00 9.491 E+00

118 6.910E+00 9.635E+00

119 6.868E+00 9.780E+00

120 6.826E+00 9.927E+00

121 6.785E+00 1.007E+01

122 6.745E+00 1.022E+01

123 6.705E+00 1.037E+01

124 6.666E+00 1.052E+01

125 6.627E+00 1.067E+01

126 6.589E+00 1.082E+01

127 6.552E+00 1.097E+01

128 6.515E+00 1.113E+01

129 6.479E+00 1.128E+01

130 6.443E+00 1.144E+01

131 6.408E+00 1.159E+01

132 6.373 E+00 1.175E+01

133 6.339E+00 1.190E+01

134 6.305E+00 1.206E+01

135 6.272E+00 1.222E+01

136 6.239E+00 1.238E+01

137 6.206E+00 1.254E+01

138 6.174E+00 1.270E+01

139 6.143E+00 1.287E+01

140 6.112E+00 1.303E+01

141 6.081E+00 1.319E+01

142 6.051E+00 1.336E+01

143 6.021E+00 1.352E+01

144 5.992E+00 1.369E+01

145 5.963E+00 1.386E+01

146 5.934E+00 1.403E+01

147 5.906E+00 1.420E+01

148 5.878E+00 1.436E+01

149 5.850E+00 1.454E+01

150 5.823E+00 1.471E+01

151 5.796E+00 1.488E+01

152 5.770E+00 1.505E+01

153 5.744E+00 1.523E+01

154 5.718E+00 1.540E+01

155 5.692E+00 1.558E+01

156 5.667E+00 1.575E+01

157 5.642E+00 1.593E+01

158 5.617E+00 1.611E+01

159 5.593E+00 1.628E+01

160 5.569E+00 1.646E+01

161 5.545E+00 1.664E+01

162 5.522E+00 1.682E+01

163 5.499E+00 1.701E+01

164 5.476E+00 1.719E+01

165 5.453E+00 1.737E+01

166 5.431E+00 1.755E+01

167 5.409E+00 1.774E+01

168 5.387E+00 1.792E+01

169 5.365E+00 1.811E+01

170 5.344E+00 1.830E+01

171 5.323E+00 1.848E+01

172 5.302E+00 1.867E+01

173 5.281E+00 1.886E+01

174 5.261E+00 1.905E+01

175 5.240E+00 1.924E+01

176 5.220E+00 1.943E+01

177 5.201E+00 1.963E+01

178 5.181E+00 1.982E+01

179 5.162E+00 2.001E+01

180 5.142E+00 2.021E+01

181 5.124E+00 2.040E+01

1X2 5.105E+00 2.060E+01

183 5.086E+00 2.079E+01

P»«c al,cs (alA)
10"27

rad* cm2 g"1

1.010E-01 1.6307E-02 16.16

1.022E-01 1.6338E-02 16.12

1.035E-01 1.6370E-02 16.09

1.047E-01 1.6401E-02 16.06

1.059E-01 1.6432E-02 16.03

1.072E-01 1.6463 E-02 16.00

1.084E-01 1.6493E-02 15.97

1.097E-01 1.6524E-02 15.94

1.109E-01 1.6554E-02 15,92

1.122E-01 1.6583E-02 15.89

1.135E-01 1.6613E-02 15.87

1.147E-01 1.6642E-02 15.84

1.160E-01 1.6672E-02 15.82

1.173E-01 1.6700E-02 15.79

1.185E-01 1.6729E-02 15.77

1.198E-01 1.6758E-02 15,75

1.211 E-01 1.6786E-02 15.72

1.224E-01 1.6814E-02 15.70

1.237E-01 1.6842E-02 15.68

1.250E-01 1.6869E-02 15.66

1.263E-01 1.6897E-02 15.64

1.276E-01 1.6924E-02 15.62

1.289E-01 1.6951E-02 15.60

1.302E-01 1.6978E-02 15.58

1.315E-01 1.7005E-02 15.56

1.328E-01 1.7031E-02 15.55

1.341E-01 1.7058E-02 15.53

1.354E-01 1.7084E-02 15.51

1.368E-01 1.7110E-02 15.50

1.381E-01 1.7136E-02 15.48

1.394E-01 1.7161E-02 15.46

1.408E-01 1.7187E-02 15.45

1.421E-01 1.7212E-02 15.43

1.434E-01 1.7237E-02 15.42

1.448E-01 1.7262E-02 15.40

1.461E-01 1.7287E-02 15.39

1.475E-01 1.7311E-02 15.37

1.488E-01 1.7336E-02 15.36

1.502E-01 1.7360E-02 15.35

1.515E-01 1.7384E-02 15.33

1.529E-01 1.7408E-02 15.32

1.543E-01 1.7432E-02 15.31

1.556E-01 1.7456E-02 15.30

1.570E-01 1.7480E-02 15.28

1.584E-01 1.7503E-02 15.27

1.597E-01 1.7526E-02 15.26

1.6 UE-01 1.7550E-02 15.25

1.625E-01 1.7573E-02 15.24

1.639E-01 1.7595E-02 15.23

1.653E-01 1.7618E-02 15.22

1.666E-01 1.7641E-02 15.21

1.680E-01 1.7663E-02 15.20

1.694E-01 1.7686E-02 15.19

1.708E-01 1.7708E-02 15.18

1.722E-01 1.7730E-02 15.17

1.736E-01 1.7752E-02 15.16

1.750E-01 1.7774E-02 15.15

1.764E-01 1.7795E-02 15.14

1.778E-01 1.7817E-02 15.13

1.792E-01 1.7838E-02 15.12

1.806E-01 1.7860E-02 15.11

1.821E-01 1.7881E-02 15.10

1.835E-01 1.7902E-02 15.10

1.849E-01 1.7923E-02 15.09

1.863E-01 1.7944E-02 15.08

1.877E-01 1.7965E-02 15.07

1.892E-01 1.7985E-02 15.06

1.906E-01 1.X006E-02 15.06

1.920E-01 1.8026E-02 15.05

1.934E-01 1.8047E-02 15.04

1.949E-01 1.8067E-02 15.03

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g"' g cm"2

184 5.068E+00 2.099E+01

185 5.050E+00 2.119E+01

186 5.032E+00 2.138E+01

187 5.014E+00 2.15XE+01

188 4.996E+00 2.178E+01

189 4.979E+00 2.198E+01

190 4.962E+00 2.219E+01

191 4.945 E+00 2.239E+01

192 4.928E+00 2.259E+01

193 4.911E+00 2.279E+01

194 4.895E+00 2.300E+01

195 4.878E+00 2.320E+01

196 4.862E+00 2.341E+01

197 4.X46E+00 2.361E+01

198 4.830E+00 2.3X2E+01

199 4.814E+00 2.403E+01

200 4.799E+00 2.424E+01

201 4.783E+00 2.444E+01

202 4.768E+00 2.465E+01

203 4.753 E+00 2.486E+01

204 4.738E+00 2.507E+01

205 4.723E+00 2.529E+01
206 4.708E+00 2.550E+01

207 4.694E+00 2.571E+01

208 4.679E+00 2.592E+01

209 4.665E+00 2.614E+01

210 4.651 E+00 2.635E+01

211 4.636E+00 2.657E+01

212 4.623E+00 2.678E+01

213 4.609E+00 2.700E+01

214 4.595E+00 2.722E+01

215 4.582E+00 2.744E+01

216 4.568E+00 2.765E+01

217 4.555E+00 2.787E+01

218 4.542E+00 2.809E+01

219 4.529E+00 2.831E+01

220 4.516E+00 2.854E+01

221 4.503E+00 2.876E+01

222 4.490E+00 2.898E+01

223 4.477E+00 2.920E+01

224 4.465E+00 2.943 E+01

225 4.452E+00 2.965E+01

226 4.440E+00 2.988E+01

227 4.428E+00 3.010E+01

228 4.416E+00 3.033E+01

229 4.404E+00 3.055E+01

230 4.392E+00 3.078E+01

231 4.380E+00 3.101E+01

232 4.369E+00 3.124E+01

233 4.357E+00 3.147E+01

234 4.346E+00 3.170E+01

235 4.334E+00 3.193E+01

236 4.323E+00 3.216E+01

237 4.312E+00 3.239E+01

238 4.301E+00 3.262E+01

239 4.290E+00 3.285E+01

240 4.279E+00 3.309E+01

241 4.268E+00 3.332E+01

242 4.257E+00 3.356E+01

243 4.246E+00 3.379Ë+01

244 4.236E+00 3.403E+01

245 4.225E+00 3.426E+01

246 4.215E+00 3.450E+01

247 4.205E+00 3.474E+01

248 4.194E+00 3.498E+01

249 4.184E+00 3.522E+01

250 4.174E+00 3.545E+01

P*« aMcs (PIA)
10"27

rad2 cm2 g"1

1.963E-01 1.8087E-02 15.03

1.977E-01 1.8107E-02 15.02

1.992E-01 1.8127E-02 15.01

2.006E-01 1.8146E-02 15.01

2.021E-01 1.8166E-02 15.00

2.035E-01 1.8186E-02 14.99

2.050E-01 1.8205E-02 14,99

2.064E-01 1.8225E-02 14.98

2.079E-01 1.8244E-02 14.98

2.093E-01 1.8263E-02 14.97

2.108E-01 1.8282E-02 14.96

2.122E-01 1.8301E-02 14,96

2.137E-01 1.8320E-02 14.95

2.151E-0) 1.8339E-02 14.95

2.166E-01 1.8357E-02 14.94

2.180E-01 1.8376E-02 14.94

2.195E-01 1.8395E-02 14.93

2.210E-01 1.84I3E-02 14.92

2.224E-01 1.8431E-02 14.92

2.239E-01 1.8450E-02 14.91

2.254E-01 1.8468E-02 14.91

2.268E-01 1.8486E-02 14.90

2.283E-01 1.8504E-02 14,90

2.298E-01 1.8522E-02 14.89

2.313E-01 1.8540E-02 14.89

2.327E-01 1.8557E-02 14.89

2.342E-01 1.8575E-02 14.88

2.357E-01 1.8593E-02 14.88

2.372E-01 1.8610E-02 14.87

2.386E-01 1.8627E-02 14.87

2.401E-01 1.8645E-02 14.86

2.416E-01 1.8662E-02 14.86

2.431E-01 1.8679E-02 14.85

2.446E-01 1.8696E-02 14.85

2.460E-01 1.8713E-02 14.85

2.475E-01 1.8730E-02 14.84

2.490E-01 1.8747E-02 14.84

2.505E-01 1.8764E-02 14.83

2.520E-01 1.8781E-02 14.83

2.535E-01 1.8797E-02 14.83

2.550E-01 1.8814E-02 14.82

2.565E-01 1.8830E-02 14.82

2.580E-01 1.8847E-02 14.82

2.594E-01 1.8863E-02 14.81

2.609E-01 1.8879E-02 14.81

2.624E-01 1.8896E-02 14.81

2.639E-01 1.8912E-02 14.80

2.654E-01 1.8928E-02 14.80

2.669E-01 1.8944E-02 14.80

2.684E-01 1.8960E-02 14.79

2.699E-01 1.8976E-02 14.79

2.714E-01 1.8991E-02 14.79

2.729E-01 1.9007E-02 14.78

2.744E-01 1.9023E-02 14.78

2.759E-01 1.9038E-02 14.78

2.774E-01 1.9054E-02 14.77

2.789E-01 1.9069E-02 14.77

2.804E-01 1.9085E-02 14.77

2.819E-01 1.9100E-02 14.77

2.834E-01 1.9115E-02 14.76

2.849E-01 1.9131E-02 14.76

2.864E-01 1.9146E-02 14.76

2.879E-01 1.9161E-02 14.75

2.894E-01 1.9176E-02 14.75

2.909E-O1 1.9J91E-02 14.75

2.924E-01 1.9206E-02 14.75

2.939E-01 1.9220E-02 14.74
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Appendix D: Proton Data Tables

Based on

Janni /-values

PROTONSIN POLYSTYRENE

Densityp [gem3]:
Radiation lengthX0 [g cm"2]:
Mean ionisation energy I [eV]:

1.05

43.791

61.5 (Bragg additivity)

COMPOSITION:

Element

Z

A 1

%by weight

7[eV]

H

1

1.0079

0,07742

20.48

C

6

12.0107

0.92258

73.8

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVg'1 cm2 g cm"2

"Mrs ("'À)
10"27

rad2 cm2 g"1

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

2.662E+02

1.614E+02

1.189E+02

9.519E+01

7.990E+01

6.914E+01

6.113E+01

5.491 E+01

4.994E+01

4.586E+01

4.244E+01

3.954E+01

3.705E+01

3.488E+01

3.297E+01

3.127E+01

2.976E+01

2.840E+01

2.717E+01

2.606E+01

2.504E+01

2.410E+01

2.324E+01

2.245E+01

2.171E+01

2.103E+01

2.039E+01

1.980E+01

1.924E+01

1.871 E+01

1.822E+01

1.776E+01

1.732E+01

1.690E+01

1.651E+01

1.614E+01

1.578E+01

1.545E+01

1.513E+01

1.482E+01

1.453E+01

1.425E+01

1.398E+01

1.373E+01

1.348E+01

1.325E+01

1.302E+01

1.280E+01

1.259E+01

1.239E+01

1.220E+01

1.201E+01

1.183E+01

1.166E+01

1.149E+01

2.236E-03

7.242E-03

1.456E-02

2.403 E-02

3.554E-02

4.904E-02

6.445E-02

X.174E-02

1.009E-01

1.218E-01

1.445 E-01

1.689E-01

1.950E-01

2.229E-01

2.524E-01

2.835E-01

3.163E-01

3.507E-01

3.867E-01

4.243E-01

4.635E-01

5.042E-01

5.465E-01

5.903E-01

6.356E-01

6.824E-01

7.307E-01

7.804E-01

8.317E-01

8.844E-01

9.386E-01

9.942E-01

1.051 E+00

1.110E+00

1.170E+00

1.231 E+00

1.293E+00

1.357E+00

1.423E+00

1.490E+00

1.558E+00

1.627E+00

1.698E+00

1.770E+00

1.844E+00

1.919E+00

1.995E+00

2.072E+00

2.151E+00

2.231E+00

2.313E+00

2.395E+00

2.479E+00

2.564E+00

2.651E+00

0.000E+00

O.OOOE+00

O.OOOE+00

O.OOOE+00

O.OOOE+00

0.0O0E+00

2.551E-05

9.185E-05

1.930E-04

3.375E-04

5.328E-04

7.849E-04

1.098E-03

1.474E-03

1.913E-03

2.414E-03

2.975E-03

3.592E-03

4.262 E-03

4.981 E-03

5.745E-03

6.550E-03

7.393E-03

8.269E-03

9.175E-03

1.011 E-02

1.107E-02

1.205E-02

1.304E-02

1.406E-02

1.509E-02

1.614E-02

1.720E-02

1.827E-02

1.93 5 E-02

2.044E-02

2.153E-02

2.264E-02

2.375E-02

2.486E-02

2.599E-02

2,711 E-02

2.824E-02

2.938E-02

3.052E-02

3.167E-02

3.28) E-02

3.396E-02

3.512E-02

3.628E-02

3.744E-02

3.860E-02

3.977E-02

4.094E-02

4.212E-02

3.6848E-03

5.2842E-03

6.3116E-03

7.0800E-03

7.6991 E-03

8.2201 E-03

8.6714E-03

9.0703E-03

9.4285E-03

9.7539E-03

1.0052E-02

1.0328E-02

1.0585E-02

1.0825E-02

1.1051E-02

1.1263E-02

1.1465E-02

1.1657E-02

1.1839E-02

1.2013E-02

1.2180E-02

1.2340E-02

1.2494E-02

1.2642E-02

1.2785E-02

1.2922E-02

1.3056E-02

1.3184E-02

1.3309E-02

1.3430E-02

1.3548E-02

1.3662E-02

1.3773E-02

1.3882E-02

1.3987E-02

1.4090E-02

1.4190E-02

1.4288E-02

1.4384E-02

1.4477E-02

1.4569E-02

1.4658E-02

1.4746E-02

1.4831 E-02

1.4915E-02

1.4998E-02

1.5079E-02

1.5158E-02

1.5236E-02

1.5312E-02

1.5387E-02

1.5461 E-02

1.5533E-02

1.5604E-02

1.5674E-02

0.000

0.000

0.000

0.000

0.000

0.000

5.185

7.437

10.01

12.81

15.68

18.51

21.19

23.64

25.80

27.67

29.24

30.51

31.52

32.29

32.84

33.22

33.43

33.52

33.49

33.37

33.18

32.93

32.63

32.30

31.93

31.54

31.14

30.73

30.31

29.89

29.47

29.06

28.65

28.25

27.85

27.47

27.09

26.73

26.37

26.03

25.69

25.37

25.06

24.76

24.47

24.19

23.91

23.65

23.40

RGY STOPPING CSDA
*R1tC

2

"MCS (a/A)
POWER RANGE 10"27

eV MeVg
'

cm
2

g cm"2 rad" cm2 g"

57 1.117E+01 2.827E+00 4.447E-02 1.5811 E-02 22.93

58 1.101E+01 2.917E+00 4.566E-02 1.5878E-02 22.70

59 1.0X7E+01 3.009E+00 4.684E-02 1.5943E-02 22.49

60 1.072E+01 3.102 E+00 4.803E-02 1.6008E-02 22.28

61 1.058E+01 3.195E+00 4.923E-02 1.6072E-02 22.08

62 1.045E+01 3.291E+00 5.042E-02 1.6135E-02 21.89

63 1.032E+01 3.387E+00 5.162E-02 1.6196E-02 21.70

64 1.019E+01 3.484E+00 5.283E-02 1.6257E-02 21.52

65 1.007E+01 3.583E+00 5.403E-02 1.6318E-02 21.35

66 9.950E+00 3.683E+00 5.524E-02 1.6377E-02 21.18

67 9.833E+00 3.784E+00 5.645E-02 1.6435E-02 21.02

68 9.720E+00 3.886E+00 5.767E-02 1.6493E-02 20.87

69 9.610E+00 3.990E+00 5.889E-02 1.6550E-02 20.72

70 9.503E+00 4.094E+00 6.012E-02 1.6606E-02 20.58

71 9.399E+00 4.200E+00 6.134E-02 1.6662E-02 20.44

72 9.298E+00 4.307E+00 6.258E-02 1.6716E-02 20.31

73 9.199E+00 4.415E+00 6.381E-02 1.6770E-02 20.18

74 9.102E+00 4.525E+00 6.505E-02 1.6824E-02 20.06

75 9.008E+00 4.635E+00 6.629E-02 1.6876E-02 19.94

76 8.917E+00 4.747E+00 6.754E-02 1.6928E-02 19.82

77 8.827 E+00 4.859E+00 6.X79E-02 1.6980E-02 19.71

78 8.740E+00 4.973E+00 7.004E-02 1.7031 E-02 19.60

79 8.655E+00 5.088E+00 7.130E-02 1.7081 E-02 19.50

80 8.571E+00 5.204E+00 7.257E-02 1.7131E-02 19.40

81 8.490E+00 5.322E+00 7.383E-02 1.7180E-02 19.30

82 8.411E+00 5.440E+00 7.510E-02 1.7228E-02 19.21

83 8.333E+00 5.559E+00 7.638E-02 1.7276E-02 19,12

84 8.257E+00 5.6X0E+00 7.766E-02 1.7324E-02 19.03

85 8.183E+00 5.802E+00 7.894E-02 1.7371E-02 18.95

86 8.110E+00 5.924E+00 8.023E-02 1.7417E-02 18.87

87 8.039E+00 6.048Ë+00 8.152E-02 1.7463E-02 18.79

88 7.970E+00 6.173E+00 8.281E-02 1.7508E-02 18.71

89 7.902E+00 6.299E+00 8.411 E-02 1.7553E-02 18.64

90 7.835E+00 6.426E+00 8.541E-02 1.7598E-02 18.57

91 7.770E+00 6.554E+00 8.672E-02 1.7642E-02 18.50

92 7.706E+00 6.684E+00 8.803E-02 1.7686E-02 18.43

93 7.644E+00 6.814E+00 8.935E-02 1.7729E-02 18.37

94 7.582E+00 6.945E+00 9.067E-02 1.7772E-02 18.30

95 7.522E+00 7.078E+00 9.199E-02 1.7814E-02 18.24

96 7.463 E+00 7.211 E+00 9.332E-02 1.7856E-02 18.18

97 7.405E+00 7.346E+00 9.466E-02 1.7897E-02 18.13

98 7.349E+00 7.481 E+00 9.599E-02 1.7938E-02 18.07

99 7.293E+00 7.618E+00 9.733E-02 1.7979E-02 18.02

100 7.239E+00 7.755E+00 9.868E-02 1.8020E-02 17.96

101 7.185E+00 7.894E+00 1.000E-01 1.8060E-02 17.91

102 7.132E+00 8.034E+00 1.014E-01 1.8099E-02 17.86

103 7.081E+00 8.175E+00 1.027E-01 1.8138E-02 17.82

104 7.030E+00 8.316E+00 1.041E-01 1.8177E-02 17.77

105 6.981E+00 8.459E+00 1.055E-01 1.8216E-02 17.73

106 6.932E+00 8.603E+00 1.068E-01 1.8254E-02 17.68

107 6.884E+00 8.748E+00 1.0X2E-01 1.8292E-02 17.64

108 6.837E+00 8.893E+00 1.096E-01 1.8329E-02 17.60

109 6.790E+00 9.040E+00 1.110E-01 1.8367E-02 17.56

110 6.745E+00 9.188E+00 1.124E-01 1.8404E-02 17.52

111 6.700E+00 9.337E+00 1.138E-01 1.8440E-02 17.48

56 1.132E+01 2.738E+00 4.329E-02 1.5743E-02 23.16 112 6.656E+00 9,4X6E+00 1.151 E-01 .X476E-02 17.44
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PROTONSIN POLYSTYRENE

RGY STOPPING CSDA /V
2

"MCS (a/A) ENERGYSTOPPING CSDA p
* nue

,2
"Mrs (at A)

POWER RANGE 1027 POWER RANGE 10"27

V MeVcm2 g"
1

g em"2 rad2 cm2 g' MeV MeVcm2 g"
1 -2

g cm rad2 cm2 g"

113 6.613E+00 9.637E+00 1.165E-01 1.8512E-02 17.41 184 4.702E+00 2.265E+01 2.244E-01 2.0511E-02 16.19

114 6.570E+00 9.789E+00 1.179E-01 1.8548E-02 17.37 185 4.686E+00 2.286E+01 2.260E-01 2.0534E-02 16,18
115 6.528E+00 9.941 E+00 1.194E-01 1.8584E-02 17.34 186 4.669E+00 2.307E+01 2.276E-01 2.0556E-02 16.18

116 6.487E+00 1.010E+01 1.208E-01 1.8619E-02 17.30 187 4.652E+00 2.329E+01 2.292E-01 2.0578E-02 16.17

117 6.447E+00 1.025E+01 1.222E-01 1.8653E-02 17.27 188 4.636E+00 2.350E+01 2.308E-01 2.0600E-02 16.16

118 6.407E+00 1.041E+01 1.236E-01 1 .X6X8E-02 17.24 189 4.620E+00 2.372E+01 2.324E-01 2.0622E-02 16.16

119 6.368E+00 1.056E+01 1.250E-01 1.8722E-02 17.21 190 4.604E+00 2.394E+01 2.341 E-01 2.0644E-02 16.15

120 6.329E+00 1.072E+01 1.264E-01 1.8756E-02 17.18 191 4.5XXE+00 2.415E+01 2.357E-01 2.0666E-02 16.14

121 6.291E+00 1.088E+01 1.279E-01 1.8790E-02 17.15 192 4.573E-F00 2.437E+01 2.373E-01 2.0688E-02 16.14

122 6.254E+00 1.104E+01 1.293E-01 1.8X23 E-02 17.12 193 4.557E+00 2.459E+01 2.389E-01 2.0709E-02 16.13

123 6.217E+00 1.120E+01 1.307E-01 1.8857E-02 17.09 194 4.542E+00 2.481E+01 2.405E-01 2.0730E-02 16.12

124 6.181E+00 1.136E+01 1.322E-01 1.8890E-02 17.07 195 4.527E+00 2.503E+01 2.422E-01 2.0752E-02 16.12

125 6.145E+00 1.152E+01 1.336E-01 1.8922E-02 17.04 196 4.512E+00 2.525E+01 2.438E-01 2.0773E-02 16.11

126 6.110E+00 1.168E+01 1.351E-01 1.8955E-02 17.02 197 4.497E+00 2.547E+01 2.454E-01 2.0794E-02 16.10

127 6.075E+00 1.1X5E+0) 1.365E-01 1.8987E-02 16.99 198 4.482E+00 2.570E+01 2.471 E-01 2.0815E-02 16.10
128 6.041E+00 1.201 E+01 1.380E-01 1.9019E-02 16.97 199 4.467 E+00 2.592E+01 2.487E-01 2.0836E-02 16.09

129 6.008E+00 1.218E+01 1.395E-01 1.9051 E-02 16.94 200 4.453E+00 2.614E+01 2.503E-01 2.0857E-02 16.09

130 5.975E+00 1.235E+01 1.409E-01 1.9082E-02 16.92 201 4.439E+00 2.637E+01 2.519E-01 2.0877E-02 16.08

131 5.942E+00 1.251E+01 1.424E-01 1.9114E-02 16.90 202 4.425E+00 2.659E+01 2.536E-01 2.0898E-02 16.07

132 5.910E+00 1.268E+01 1.439E-01 1.9145E-02 16.87 203 4.411 E+00 2.682E+01 2.552E-01 2.0918E-02 16.07
133 5.878E+00 1.285E+01 1.453E-01 1.9175E-02 16.85 204 4.397E+00 2.705E+01 2.568E-01 2.0939E-02 16.06

134 5.847E+00 1.302E+01 1.468E-01 1.9206E-02 16.83 205 4.383E+00 2.72XE+01 2.585E-01 2.0959E-02 16.06

135 5.816E+00 1.319E+01 1.483E-01 1.9236E-02 16.81 206 4.369E+00 2.750E+01 2.601E-01 2.0979E-02 16.05

136 5.786E+00 1.337E+01 1.498E-01 1.9267E-02 16.79 207 4.356E+00 2.773E+01 2.6I8E-01 2.0999E-02 16.05

137 5.756E+00 1.354E+01 1.513E-01 1.9297E-02 16.77 208 4.342E+00 2.796E+01 2.634E-01 2.1019E-02 16.04

138 5.726E+00 1.371 E+01 1.528E-01 1.9326E-02 16.75 209 4.329E+00 2.819E+01 2.650E-01 2.1039E-02 16.04

139 5.697E+00 1.389E+01 1.542E-01 1.9356E-02 16.73 210 4.316E+00 2.843E+01 2.667E-01 2.1059E-O2 16.03

140 5.668E+00 1.407E+01 1.557E-01 1.9385E-02 16.71 211 4.303E+00 2.866E+01 2.683E-01 2.1079E-02 16.03
141 5.640E+00 1.424E+01 1.572E-01 1.9414E-02 16.70 212 4.290E+00 2.889E+01 2.700E-01 2.1099E-02 16.02

142 5.612E+00 1.442E+01 1.588E-01 1.9443E-02 16.68 213 4.277E+00 2.912E+01 2.716E-01 2.1118E-02 16.02

143 5.584E+00 1.460E+01 1.603E-01 1.9472E-02 16.66 214 4.265E+00 2.936E+01 2.732E-01 2.1137E-02 16.01

144 5.557E+00 1.478E+01 1.618E-01 1,9501 E-02 16.64 215 4.252E+00 2.959E+01 2.749E-01 2.1157E-02 16.01

145 5.530E+00 1.496E+01 1.633E-01 1.9529E-02 16.63 216 4.240E+00 2.983E+01 2.765E-01 2.1176E-02 16.01

146 5.504E+00 1.514E+01 1.648E-01 1.9557E-02 16.61 217 4.227E+00 3.006E+01 2.782E-01 2.1195E-02 16.00

147 5.478E+00 1.532E+01 1.663 E-01 1.9585E-02 16.60 218 4.215E+00 3.030E+01 2.798E-01 2.1214E-02 16.00

148 5.452E+00 1.551 E+01 1.678E-01 1.9613 E-02 16.58 219 4.203E+00 3.054E+01 2.815E-01 2.1233E-02 15.99

149 5.426E+00 1.569E+01 1.694E-01 1.9641E-02 16.57 220 4.191E+00 3.078E+01 2.831E-01 2.1252E-02 15.99

150 5.401 E+00 1.587E+01 1.709E-01 1.9668E-02 16.55 221 4.179E+00 3.102E+01 2.848E-01 2.1271 E-02 15.9X

151 5.376E+00 1.606E+01 1.724E-01 1.9696E-02 16.54 222 4.167E+00 3.126E+01 2.864E-01 2.1290E-02 15.9X

152 5.352E+00 1.625E+01 1.740E-01 1.9723E-02 16.52 223 4.156E+00 3.150E+01 2.881E-01 2.1309E-02 15.9X
153 5.328E+00 1.643E+01 1.755E-01 1.9750E-02 16.51 224 4.144E+00 3.174E+01 2.897E-01 2.1327E-02 15.97
154 5.304E+00 1.662E+01 1.770E-01 1.9777E-02 16.49 225 4.133E+00 3.198E+01 2.914E-01 2.1346E-02 15.97

155 5.280E+00 1.681 E+01 1.786E-01 1.9803 E-02 16.48 226 4.121E+00 3.222E+01 2.930E-01 2.1364E-02 15.96

156 5.257E+00 1.700E+01 1.801 E-01 1.9830E-02 16.47 227 4.110E+00 3.246E+01 2.947E-01 2.1382E-02 15.96

157 5.234E+00 1.719E+01 1.817E-01 1.9856E-02 16.46 228 4.099E+00 3.271E+01 2.963E-01 2.1401E-02 15.96

158 5.211E+00 1.738E+01 1.832E-01 1.9882E-02 16.44 229 4.088E+00 3.295E+01 2.980E-01 2.1419E-02 15.95

159 5.188E+00 1.757E+01 1.848E-01 1.9908E-02 16.43 230 4.077E+00 3.320E+01 2.996E-01 2.1437E-02 15.95
160 5.166Ë+00 1.777E+01 1.863E-01 1.9934E-02 16.42 231 4.066E+00 3.344E+01 3.013E-01 2.1455E-02 15.95

161 5.144E+00 1.796E+01 1.879E-01 1.9960E-02 16.41 232 4.055E+00 3.369E+01 3.029E-01 2.1473E-02 15.94

162 5.122E+00 1.816E+01 1.895E-01 1.99X5E-02 16.40 233 4.044E+00 3.394E+01 3.046E-01 2.1491E-02 15.94

163 5.101E+00 1.835E+01 1.910E-01 2.0011 E-02 16.38 234 4.034E+00 3.418E+01 3.062E-01 2.1509E-02 15.93

164 5.080E+00 1.855E+01 1.926E-01 2.0036E-02 16.37 235 4.023E+00 3.443E+01 3.079E-01 2.1526E-02 15.93

165 5.059E+00 1.875E+01 1.942 E-01 2.0061 E-02 16.36 236 4.013E+00 3.468E+01 3.095E-01 2.1544E-02 15.93

166 5.038E+00 1.894E+01 1.957E-01 2.00X6E-02 16.35 237 4.002E+00 3.493E+01 3.112E-01 2.1562E-02 15.92

167 5.018E+00 1.914E+01 1.973E-01 2.0111E-02 16.34 238 3.992E+00 3.518E+01 3.128E-01 2.1579E-02 15.92

168 4.997E+00 1.934E+01 1.989E-01 2.0135E-02 16.33 239 3.982E+00 3.543E+01 3.145E-01 2.1596E-02 15.92

169 4.977E+00 1.954E+01 2.005E-01 2.0160E-02 16.32 240 3.972E+00 3.568E+01 3.161E-01 2.1614E-02 15.92

170 4.958E+00 1.974E+01 2.020E-01 2.0184E-02 16.31 241 3.962E+00 3.593E+01 3.178E-01 2.1631E-02 15.91

171 4.938E+00 1.995E+01 2.036E-01 2.0208E-02 16.30 242 3.952E+00 3.619E+01 3.194E-01 2.1648E-02 15.91

172 4.919E+00 2.015E+01 2.052E-01 2.0232E-02 16.29 243 3.942E+00 3.644E+01 3.211E-01 2.1665E-02 15.91

173 4.899E+00 2.035E+01 2.068 E-01 2.0256E-02 16.28 244 3.932E+00 3.670E+01 3.227E-01 2.1683E-02 15.90

174 4.881E+00 2.056E+01 2.084E-01 2.0280E-02 16.27 245 3.922E+00 3.695E+01 3.244E-01 2.1700E-02 15.90

175 4.862E+00 2.076E+01 2.100E-01 2.0304E-02 16.27 246 3.913E+00 3.720E+01 3.260E-01 2.1716E-02 15.90

176 4.843E+00 2.097E+01 2.116E-01 2.0327E-02 16.26 247 3.903E+00 3.746E+01 3.277E-01 2.1733E-02 15.89

177 4.825E+00 2.118E+01 2.132E-01 2.0351E-02 16.25 248 3,894 E+00 3.772E+01 3.293E-01 2.1750E-02 15.X9

178 4.807E+00 2.138E+01 2.148E-01 2.0374E-02 16.24 249 3.884E+00 3.797E+01 3.310E-01 2.1767E-02 15.89
179 4.789E+00 2.159E+01 2.164E-01 2.0397E-02 16.23 250 3.875E+00 3.823E+01 3.326E-01 2.1783E-02 15.89

180 4.771E+00 2.180E+01 2.180E-01 2.0420E-02 16.22

1X1 4.754E+00 2.201 E+01 2.196E-01 2.0443E-02 16.21

182 4.736E+00 2.222E+01 2.212E-01 2.0466E-02 16.21

183 4.719E+00 2.243E+01 2.228E-01 2.0489E-02 16.20
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Appendix D: Proton Data Tables

Based on

Janni /-values

PROTONSIN SCINTILLATING MIXTURE(P43+P20+BC-600)

Density/) [g cm ]:
Radiation length Xo [g cm" ]:
Mean ionisation energy I [eV]:

2.32

13.113

180.50 (Bragg additivity)

COMPOSITION: 0.48wt%P43 + 0.12wt%P20 -t 0.4wt% BC-600

Element

Z

A

%by weight
/[eV]

H

1

1.0079

.03156

20.48

C

6

12.0107

.28344

73.8

N

7

14.0067

.01188

97.X

O

X

15.9994

.11369

115.7

S

16

32.066

.07375

183.6

Zn

30

65.39

.0405

323.1

Cd

48 1

12.411

.04641

474.4

Gd

64 1

57.25

.39877

593.4

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVg"1 em2 g cm"2

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

1.639E+02

1.041E+02

7.860E+01

6.400E+01

5.440E+01

4.754E+01

4.237E+01

3.831E+01

3.504E+01

3.233E+01

3.006E+01

2.811E+01

2.643E+01

2.495E+01

2.365E+01

2.250E+01

2.146E+01

2.053E+01

1.968E+01

1.891 E+01

1.820E+01

1.755E+01

1.695E+01

1.639E+01

1.588E+01

1.540E+01

1.495E+01

1.453E+01

1.414E+01

1.377E+01

1.342E+01

1.309E+01

1.278E+01

1.249E+01

1.221 E+01

1.194E+01

1.169E+01

1.145E+01

1.122E+01

1.100E+01

1.079E+01

1.059E+01

1.040E+01

1.022E+01

1.004E+01

9.869E+00

9.706E+00

9.550E+00

9.399E+00

9.253E+00

9.113E+00

8.978E+00

8.847E+00

8.721E+00

8.599E+00

3.799E-03

1.171E-02

2.290E-02

3.708E-02

5.410E-02

7.382E-02

9.614E-02

1.210E-01

1.483E-01

1.781E-01

2.102E-01

2.446E-01

2.813E-01

3.203E-01

3.615E-01

4.048E-01

4.504E-01

4.980E-01

5.478E-01

5.996E-01

6.536E-01

7.095E-01

7.675E-01

8.275E-01

8.895E-01

9.535E-01

1.019E+00

1.087E+00

1.157E+00

1.229E+00

1.302E+00

1.378E+00

1.455E+00

1.534E+00

1.615E+00

1.698E+00

1.783E+00

1.869E+00

1.957E+00

2.047E+00

2.139E+00

2.233Ë+00

2.328E+00

2.425E+00

2.524E+00

2.624E+00

2.726E+00

2.830E+00

2.936E+00

3.043E+00

3.152E+00

3.263E+00

3.375E+00

3.489E+00

3.604E+00

0.O00E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

4.768E-07

3.684E-05

1.288E-04

2.633E-04

4.432E-04

6.707E-04

9.480E-04

1.277E-03

1.657E-03

2.086E-03

2.564E-03

3.089E-03

3.657E-03

4.266E-03

4.915E-03

5.600E-03

6.318E-03

7.068E-03

7.846E-03

8.651E-03

9.481 E-03

1.033E-02

1.120E-02

1.209 E-02

1.300E-02

1.392E-02

1.486E-02

1.581E-02

1.678E-02

1.775E-02

1.874E-02

1.974E-02

2.075E-02

2.177E-02

2.280E-02

2.384E-02

2.489E-02

2.594E-02

2.700E-02

2.807E-02

2.915 E-02

3.024E-02

3.133E-02

3.242E-02

3.353E-02

3.464E-02

3.576E-02

3.688E-02

3.801E-02

3.914E-02

rad2

2.5557E-02

3.5494E-02

4.1648E-02

4.6159E-02

4.9745E-02

5.2732E-02

5.5299E-02

5.7556E-02

5.9571E-02

6.1394E-02

6.3059E-02

6.4594E-02

6.6018E-02

6.7346E-02

6.8592E-02

6.9765E-02

7.0874E-02

7.1925E-02

7.2925E-02

7.3879E-02

7.4791 E-02

7.5664E-02

7.6502E-02

7.7308E-02

7.8084E-02

7.8833E-02

7.9555E-02

8.0254E-02

8.0931 E-02

8.1587E-02

8.2223E-02

8.2841E-02

8.3442E-02

8.4026E-02

8.4595E-02

8.5149E-02

8.5690E-02

8.6217E-02

8.6732E-02

X.7234E-02

8.7726E-02

X.8207E-02

8.8677E-02

8.9137E-02

8.9588E-02

9.0030E-02

9,0463 E-02

9.0888E-02

9.1305E-02

9.1714E-02

9.2115E-02

9.2510E-02

9.2897E-02

9.3278E-02

9.3652E-02

(a/A)
10"27

cm2g'

0.000

0.000

0.000

0.000

0.000

0.074

5.051

7.138

9.117

10.91

12.57

14.15

15.57

16.81

17.88

18.79

19.54

20.16

20.66

21.05

21.34

21.54

21.67

21.73

21.74

21.70

21.62

21.51

21.37

21.20

21.02

20.83

20.65

20.46

20.27

20.08

19.89

19.70

19.51

19.32

19.14

18.95

18.77

18.59

18.42

18.24

18.08

17.91

17.75

17.60

17.45

17.31

17.17

17.04

16.91

RGY STOPPING CSDA
*ttliC

_2
°MCS (a/A)

POWER RANGE -10"27

eV MeVg"1 cm
2 gem"2 rad2 cm2 g

'

57 8.367E+00 3.840E+00 4.143E-02 9.4382E-02 16.66

58 8.256E+00 3.960E+00 4.258E-02 9.4739E-02 16.53

59 8.149E+00 4.082E+00 4.374E-02 9.5089E-02 16.41

60 8.045E+00 4.206E+00 4.490E-02 9.5434E-02 16.30

61 7.944E+00 4.331E+00 4.607E-02 9.5774E-02 16.19

62 7.846 E+00 4.457E+00 4.725E-02 9.6109E-02 16.09

63 7.751 E+00 4.586Ë+00 4.843E-02 9.6439E-02 15.99

64 7.659E+00 4.716E+00 4.961 E-02 9.6764E-02 15.X9

65 7.569E+00 4.847E+00 5.080E-O2 9.7084E-02 15.79

66 7.482E K)0 4.980E+00 5.200E-02 9.7400E-02 15.70

67 7.397E+00 5.114E+00 5.320E-02 9.7711E-02 15.61

68 7.315E+00 5.250E+00 5.440E-02 9.8019E-02 15.52

69 7.234E+00 5.388E+0O 5.562E-02 9.8321E-02 15.44

70 7.156E+00 5.527E+00 5.683E-02 9.8620E-02 15.36

71 7.080E+00 5.667E+00 5.805E-02 9,8915 E-02 15.28

72 7.006E+00 5.809E+00 5.928E-02 9.92O6E-02 15.21

73 6.934E+00 5.953E+00 6.051 E-02 9.9494E-02 15.14

74 6.863E+00 6.097E+00 6.175E-02 9.9777E-02 15.07

75 6.794E+00 6.244E+00 6.300E-02 1.0006E-01 15.00

76 6.727E+00 6.392E+00 6.424E-02 1.0033E-01 14.93

77 6.662E+00 6.541E+00 6.550E-02 1.0061E-01 14.87

7X 6.598E+00 6.692E+00 6.676E-02 1.00X8E-01 14.80

79 6.535E+00 6.X44E+00 6.802E-02 1.0114E-01 14.74

80 6.474E+00 6.99XE+00 6.929E-02 1.0141E-01 14.68

81 6.414E+00 7.153 E+00 7.056E-02 1.0167E-01 14.63

82 6.356E+00 7.310E+00 7.184E-02 1.0193E-01 14.58

83 6.299E+00 7.468E+00 7.313E-02 1.0218E-01 14.53

84 6.243E+00 7.627E+00 7.442E-02 1.0243E-01 14.49

85 6.189E+00 7.788E+00 7.572E-02 1.0268E-O1 14.44

86 6.136E+00 7.951 E+00 7.702E-02 1.0293E-01 14.39

87 6.083E+00 8.114E+00 7.833E-02 1.0317E-01 14.35

XX 6.032E+00 8.279E+00 7.964E-02 1.0341E-01 14.30

89 5.982E+00 8.446E+00 X.095E-02 1.0365E-01 14.26

90 5.933E+00 8.614E+00 8.228E-02 1.0389E-01 14.22

91 5.X85E+00 8.783E+00 8.360E-02 1.0412E-01 14.18

92 5.X38E+00 8.953E+00 X.494E-02 1.0435E-01 14.14

93 5.792E+00 9.125E+00 X.627E-02 1.0458E-01 14.11

94 5.747E+00 9.299E+00 8.762E-02 1.0481E-01 14.08

95 5.702E+00 9.473E+00 8.897E-02 1.0503E-01 14.04

96 5.659E+00 9.650E+00 9.032E-02 1.0525E-01 14.01

97 5.616E+00 9.827E+00 9.168E-02 1.0547E-01 13.98

98 5.575E+00 1.001E+01 9.305E-02 1.0569E-01 13.95

99 5.534E+00 1.019E+01 9.441 E-02 1.0591 E-01 13.92

100 5.493 E+00 J.037E+01 9.579E-02 1.0612E-01 13.89

101 5.454E+00 1.055E+01 9.717E-02 1.0633E-01 13.86

102 5.415E+00 1.073E+01 9.855E-02 1.0654E-01 13.83

103 5.377E+00 1.092E+01 9.994E-02 1.0675E-01 13.81

104 5.339E+00 1.111E+01 1.013E-01 1.0695E-01 13.7X

105 5.303E+00 1.129E+0I 1.027E-01 1.0716E-01 13.76

106 5.267E+00 1.148E+01 1.041E-01 1.0736E-01 13.74

107 5.231 E+00 1.167E+01 1.056E-01 1.0756E-01 13.72

108 5.196E+00 1.187E+01 1.070E-01 1.0776E-01 13.70

109 5.162 E+00 1.206E+01 1.084E-01 1.0795E-01 13.68

110 5.128E+00 1.225E+01 1.098E-01 1.0815E-01 13.66

111 5.095E+00 1.245E+01 1.112E-01 1.0834E-01 13.64

56 8.4K1E+00 3.721E+00 4.028E-02 9.4020E-02 16.78 112 5.063E+00 1.265E+01 1.127E-01 1.0853E-01 13.62
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PROTONSIN SCINTILLATING MIXTURE(P43+P20+BC-600)

ENERGYSTOPPING CSDA * mtc

2

"MCS (a/A) ENERGYSTOPPING CSDA P„u,
2

"Mrs (a/A)
POWER RANGE 10"27 POWER RANGE 10""

MeV MeVcm2 g" gem"2 rad2 2 -1
cm g MeV MeVem2 g' g cm'2 rad2 2 -

cm g

113 5.030E+00 1.284E+01 1.141E-01 1.0872E-01 13.60 184 3.608E+00 2.986E+01 2.259E-01 1.1924E-01 12.91

114 4.999E+00 1.304E+01 1.156E-01 1.0891E-01 13.58 185 3.596E+00 3.014E+01 2.276E-01 1.1936E-01 12.91

115 4.968E+00 1.324E+01 1.170E-01 1.0910E-01 13.56 186 3.583E+00 3.041E+01 2.292E-01 1.1948E-01 12.90

116 4.938E+00 1.345E+01 1.185E-01 1.0929E-01 13.54 187 3.571E+00 3.069E+01 2.309E-01 1.1959E-01 12.90

117 4.908E+00 1.365E+01 1.199E-01 1.0947 E-01 13.52 188 3.559E+00 3.097E+01 2.326E-01 1.1971E-01 12.X9

118 4.878E+00 1.385E+01 1.214E-01 1.0965E-01 13.51 189 3.547E+00 3.126E+01 2.343E-01 1.1983E-01 12.89

119 4.849E+00 1.406E+01 1.229E-01 1.0983E-01 13.49 190 3.535E+00 3.154E+01 2.359E-01 1.1994E-01 12.89

120 4.820E+00 1.427E+01 1.243E-01 1.1001E-01 13.47 191 3.523E+00 3.182E+01 2.376E-01 1.2005E-01 12.88

121 4.792E+00 1.447E+01 1.258E-01 1.1019E-01 13.46 192 3.511 E+00 3.211 E+01 2.393E-01 1.2017E-01 12.88

122 4.764E+00 1.468E+01 1.273 E-01 1.1037E-01 13.44 193 3.500E+00 3.239E+01 2.410E-01 1.2028E-01 12.87

123 4.737E+00 1.489E+01 1.288E-01 1.1054E-01 13.43 194 3.488E+00 3.268E+01 2.427E-01 1.2039E-01 12.87

124 4.710E+00 1.510E+01 1.303E-01 1.1071E-01 13.41 195 3.477E+00 3.296E+01 2.443E-01 1.2050E-01 12.86

125 4.684E+00 1.532E+01 1.318E-01 1.1089E-01 13.40 196 3.466E-100 3.325E+01 2.460E-01 1.2062E-01 12.86

126 4.658E+00 1.553E+01 1.333E-01 1.1106E-01 13.39 197 3.454E+00 3.354E+01 2.477E-01 1.2073E-01 12.86

127 4.632E+00 1.575E+01 1.348E-01 1.1123E-01 13.37 198 3.443E+00 3.383E+01 2.494E-01 1.2084E-01 12.85

128 4.607E+00 1.596E+01 1.363E-01 1.1140E-01 13.36 199 3.432E+00 3.412E+01 2.511 E-01 1.2095E-01 12.85

129 4.582E+00 1.618 E+01 1.378E-01 1.1156E-01 13.35 200 3.422E+00 3.441E+01 2.528E-01 1.2105E-01 12.84

130 4.557E+00 1.640E+01 1.393E-01 1.1173E-01 13.33 201 3.411 E+00 3.471E+01 2.545E-01 1.2116E-01 12.84

131 4.533E+00 1.662E+01 1.40XE-01 1.1190E-01 13.32 202 3.400E+00 3.500E+01 2.562E-01 1.2127E-01 12.84

132 4.509E+00 1.684E+01 1.423E-01 1.1206E-01 13.31 203 3.390E+00 3.529E+01 2.579E-01 1.2138E-01 12.83

133 4.485E+00 1.706E+01 1.439E-01 1.1222E-01 13.30 204 3.379E+00 3.559E+01 2.595E-01 1.2148E-01 12.83

134 4.462E+00 1.729E+01 1.454E-01 1.1238E-01 13.29 205 3.369E+00 3.589E+01 2.612E-01 1.2159E-01 12.83

135 4.439E+00 1.751 E+01 1.469E-01 1.1254E-01 13.28 206 3.359E+00 3.618E+01 2.629E-01 1.2170E-01 12.82

136 4.417 E+00 1.774E+01 1.485E-01 1.1270E-01 13.26 207 3.349E+00 3.648E+01 2.646E-01 1.2180E-01 12.82

137 4.394E+00 1.796E+01 1.500E-01 1.1286E-01 13.25 208 3.339E+00 3.678E+01 2.663E-01 1.2191E-01 12.82

138 4.372E+00 1.819E+01 1.516E-01 1.1302E-01 13.24 209 3.329 E+00 3.708E+01 2.680E-01 1.2201E-01 12.81

139 4.351E+00 1.842E+01 1.531E-01 1.1317E-01 13.23 210 3.319E+00 3.738E+01 2.697E-01 1.2211E-01 12.81

140 4.329E+00 1.865E+01 1.547E-01 1.1333E-01 13.22 211 3.309E+00 3.768E+01 2.714E-01 1.2222E-01 12.81

141 4.308E+00 1.888E+01 1.562E-01 1.1348E-01 13.21 212 3.299E+00 3.799E+01 2.731E-01 1.2232E-01 12.80

142 4.287E+00 1.912E+01 1.578E-01 1.1363E-01 13.20 213 3.290E+00 3.829E+01 2.748E-01 1.2242E-01 12.80

143 4.267E+00 1.935E+01 1.593E-01 1.1378E-01 13.19 214 3.280E+00 3.859E+01 2.765E-01 1.2252E-01 12.80

144 4.247E+00 1.959E+01 1.609E-01 1.1393 E-01 13.18 215 3.271 E+00 3.890E+01 2.782 E-01 1,2263 E-01 12.79

145 4.227E+00 1.982E+01 1.625E-01 1.140XE-01 13.17 216 3.262E+00 3.921E+01 2.799E-01 1.2273E-01 12.79

146 4.207E+00 2.006E+01 1.641E-01 1.1423E-01 13.16 217 3.252E+00 3.951 E+01 2.816E-01 1.2283E-01 12.79

147 4.187E+00 2.030E+01 1.656E-01 1.1438E-01 13.15 218 3.243E+00 3.982E+01 2.833E-01 1.2293E-01 12.79

148 4.168E+00 2.054E+01 1.672E-01 1.1453E-01 13.15 219 3.234E+00 4.013 E+01 2.850E-01 1.2303E-01 12.78

149 4.149E+00 2.078E+01 1.688E-01 1.1467E-01 13.14 220 3.225E+00 4.044E+01 2.867E-01 1.2313E-01 12.78

150 4.130E+00 2.102E+01 1.704E-01 1.1482E-01 13.13 221 3.216E+00 4.075E+01 2.884E-01 1.2322E-01 12.78

151 4.112E+00 2.126E+01 1.720E-01 1.1496E-01 13.12 222 3.207E+00 4.106E+01 2.901E-01 1.2332E-01 12.78

152 4.093 E+00 2.150E+01 1.736E-01 1.1510E-01 13.11 223 3.199E+00 4.137E+01 2.918E-01 1.2342E-01 12.77

153 4.075E+00 2.175E+01 1.752E-01 1.1524E-01 13.10 224 3.190E+00 4.169 E+01 2.935E-01 1.2352E-01 12.77

154 4.058E+00 2.200E+01 1.768E-01 1.1539E-01 13.10 225 3.181E+00 4.200E+01 2.952E-01 1.2361E-01 12.77

155 4.040E+00 2.224E+01 1.784E-01 1.1553E-01 13.09 226 3.173E+00 4.231E+01 2.970E-01 1.2371E-01 12.76

156 4.022E+00 2.249E+01 1.800E-01 1.1566E-01 13.08 227 3.164E+00 4.263E+01 2.987E-01 1.2381 E-01 12.76

157 4.005E+00 2.274E+01 1.816E-01 1.1580E-01 13.07 228 3.156E+00 4,295 E+01 3.004E-01 1.2390E-01 12.76

158 3.988E+00 2.299E+01 1.832E-01 1.1594E-01 13.06 229 3.147E+00 4.326E+01 3.021E-01 1.2400E-01 12.76

159 3.971E+00 2.324E+01 1.848E-01 1.1608E-01 13.06 230 3.139E+00 4.358E+01 3.038E-01 1.2409E-01 12.75

160 3.955E+00 2.349E+01 1.864E-01 1.1621E-01 13.05 231 3.131 E+00 4.390E+01 3.055E-01 1.2419E-01 12.75

161 3.938E+00 2.375E+01 1.880E-01 1.1635E-01 13.04 232 3.123E+00 4.422E+01 3.072E-01 1.2428E-01 12.75

162 3.922E+00 2.400E+01 1.897E-01 1.1648E-01 13.04 233 3.115E+00 4.454E+01 3.089E-01 1.2437E-01 12.75

163 3.906E+00 2.426E+01 1.913E-01 1.1661E-01 13.03 234 3.107EHK) 4.486E+01 3.106E-01 1.2447E-01 12.75

164 3.890E+00 2.451E+01 1.929E-01 1.1675E-01 13.02 235 3.099E+00 4.519E+01 3.123E-01 1.2456E-01 12.74

165 3.875E+00 2.477E+01 1.945E-01 1.1688E-01 13.02 236 3.091 E+00 4.551E+01 3.140 E-01 1.2465E-01 12.74

166 3.859E+00 2.503E+01 1.962E-01 1.1701E-01 13.01 237 3.083E+00 4.583E+01 3.157E-01 1.2474E-01 12.74

167 3.844E+00 2.529E+01 1.978E-01 1.1714E-01 13.00 238 3.076E+00 4.616E+01 3.174E-01 1.2483E-01 12.74

168 3.829E+00 2.555E+01 1.994E-01 1.1727E-01 13.00 239 3.068E+00 4.648E+01 3.191E-01 1.2493E-01 12.73

169 3.814E+00 2.581E+01 2.011E-01 1.1740E-01 12.99 240 3.060E+00 4.681E+01 3.208E-01 1.2502E-01 12.73

170 3.799E+00 2.607E+01 2.027E-01 1.1753E-01 12.99 241 3.053E+00 4.714E+01 3.225E-01 1.2511E-01 12.73

171 3.785E+00 2.634E+01 2.044E-01 1.1765E-01 12.98 242 3.045E+00 4.746E+01 3.242E-01 1.2520E-01 12.73

172 3.770E+00 2.660E+01 2.060E-01 1.1778E-01 12.98 243 3.038E+00 4.779E+01 3.259E-01 1.2529E-01 12.73

173 3.756E+00 2.687E+01 2.076E-01 1.1791E-01 12.97 244 3.031E+00 4.812Ë+01 3.276E-01 1.2538E-01 12.72

174 3.742E+00 2.714E+01 2.093E-01 1.1803E-01 12.96 245 3.023E+00 4.845E+01 3.293E-01 1.2546E-01 12.72

175 3.728E+00 2.740E+01 2.109E-01 1.1815E-01 12.96 246 3.016E+00 4.878E+01 3.310E-01 1.2555E-01 12.72

176 3.714E+00 2.767E+01 2.126E-01 1.1828E-01 12.95 247 3.009E+00 4.912E+01 3.327E-01 1.2564E-01 12.72

177 3.700E+00 2.794E+01 2.143E-01 1.1840E-01 12.95 248 3.002E+00 4.945E+01 3.344E-01 1.2573E-01 12.72

178 3.687E+00 2.821E+01 2.159E-01 1.1852E-01 12.94 249 2.995E+00 4.978E+01 3.361 E-01 1.2582E-01 12.71

179 3.673E+00 2.848E+01 2.176E-01 1.1865E-01 12.94 250 2.988E+00 5.012E+01 3.378E-01 1.2590E-01 12.71

180 3.660E+00 2.876E+01 2.192E-01 1.1877E-01 12.93

181 3.647E+00 2.903E+01 2.209E-01 1.1889E-01 12.93

182 3.634E+00 2.931E+01 2.226E-01 1.1901E-01 12.92

183 3.621E+00 2.958E+01 2.242E-01 1.1912E-01 12.92
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Appendix D: Proton Data Tables

Based on

Janni /-values

PROTONSIN WATER

Density /) fg cm"31: 1.00

Radiation length Xa fg cm"2]: 36.08

Mean ionisation energy/[e VI: 81.80 (Bragg additivity)

COMPOSITION

Element

Z

A

%by weight

H

1

1.0079

.11190

O

8

15.9994

.88810

7[eV] 20.48 115.70

MeV

tGY STOPPING CSDA p
'

nue ^MCi (a/A) ENERGYSTOPPING CSDA P„«e
2

"MCS (a/A)
POWER RANGE 10"27 POWER RANGE 10"27

V MeVg"1 cm2 gem"2 rad2 cmV MeV MeVg
' cm2 g cm"2 rad2 cm g"

1 2.537E+02 2.384E-03 0.000E+00 4.9186E-03 0.000 57 1.109E+01 2.858E+00 4.128E-02 2.0427E-02 20.75

2 1.550E+02 7.611 E-03 0.000E+00 6.9988E-03 0.000 58 1.094E+01 2.949E+00 4.236E-02 2.0511E-02 20.52

3 1.148E+02 1.521 E-02 0.000E+00 8.3278E-03 0.000 59 1.079E+01 3.041 E+00 4.345E-02 2.0594E-02 20.30

4 9.224E+01 2.500E-02 0.000E+00 9.3181E-03 0.000 60 1.065 E+01 3.135E+00 4.453E-02 2.0676E-02 20.09

5 7.766E+01 3.686E-02 0.000E+00 1.0113E-02 0.000 61 1.051 E+01 3.229E+00 4.562E-02 2.0757E-02 19.90

6 6.737E+01 5.073E-02 0.000E+00 1.0781 E-02 0.000 62 1.038E+01 3.325E+00 4.671 E-02 2.0836E-02 19.73

7 5.967E+01 6.653E-02 5.X23E-05 1.1359E-02 11.54 63 1.025E+01 3.422E+00 4.780E-02 2.0914E-02 19.57

8 5.369E+01 8.423E-02 2.124E-04 1.1869E-02 17.09 64 1.013E+01 3.520E+00 4.890E-02 2.0991E-02 19.41

9 4.888E+01 1.038E-01 4.385E-04 1.2326E-02 21.14 65 1.000E+01 3.619E+00 5.000E-02 2.1067E-02 19.26

10 4.493E+01 1.251 E-01 7.266E-04 1.2741E-02 23.59 66 9.885E+00 3.720E+00 5.110E-02 2.1142E-02 19.10

11 4.163E+01 1.4X3 E-01 1.066E-03 1.3122E-02 25.09 67 9.770E+00 3.822E+00 5.221E-02 2.1216E-02 18.93

12 3.882E+01 1.732E-01 1.453E-03 1.3473 E-02 26.58 68 9.659E+00 3.925E+00 5.331E-02 2.1289E-02 18.77

13 3.640E+01 1.998E-01 1.X87E-03 1.3800E-02 27.64 69 9.550E+00 4.029E+00 5.442E-02 2.1361E-02 18.62

14 3.429E+01 2.281E-0I 2.364E-03 1.4106E-02 28.36 70 9.444E+00 4.134E+00 5.554E-02 2.1432E-02 18.48

15 3.243E+01 2.581E-01 2.879E-03 1.4393E-02 28.75 71 9.341 E+00 4.240E+00 5.665E-02 2.1502E-02 18.36

16 3.078E+01 2.898E-01 3.429E-03 1.4663E-02 29.08 72 9.241 E+00 4.348E+00 5.777E-02 2.1571E-02 18.24

17 2.931E+01 3.231E-01 4.012E-03 1.4920E-02 29.30 73 9.143E+00 4.457E+00 5.8X9E-02 2.1639E-02 18.14

18 2.798E+01 3.580E-01 4.628E-03 1.5163E-02 29.47 74 9.04XE+00 4.567E+00 6.002E-02 2.1707E-02 18.03

19 2.678E+01 3.946E-01 5.274E-03 1.5395E-02 29.58 75 8.955E+00 4.67XE+00 6.115E-02 2.1773E-02 17.92

20 2.570E+01 4.327E-01 5.951E-03 1.5616E-02 29.69 76 8.865E+00 4.790E+00 6.228E-02 2.1839E-02 17.81

21 2.470E+01 4.724E-01 6.657E-03 1.5X2XE-02 29.75 77 8.776E+00 4.904E+00 6.342E-02 2.1904E-02 17.69

22 2.379E+01 5.136E-01 7.391 E-03 1.6031 E-02 29.75 78 8.690E+00 5.018E+00 6.456E-02 2.1968E-02 17.57

23 2.295E+01 5.565E-01 8.152E-03 1.6226E-02 29.69 79 X.606E+00 5.134E+00 6.570E-02 2.2031 E-02 17.46
24 2.217E+01 6.008 E-01 8.937E-03 1.6414E-02 29.58 80 8.524E+00 5.250E+00 6.684E-02 2.2094E-02 17.37

25 2.145E+01 6.467E-01 9.744E-03 1.6595E-02 29.42 81 8.443E+00 5.36XE+00 6.799E-02 2.2156E-02 17.30

26 2.078E+01 6.941 E-01 1.057E-02 1.6770E-02 29.19 82 8.365E+00 5.487E+00 6.914E-02 2.2217E-02 17.24

27 2.015E+01 7.429E-01 1.142E-02 1.6939E-02 28.92 83 8.288E+00 5.607E+00 7.030E-02 2.2278E-02 17.19

28 1.957E+01 7.933E-01 1.228E-02 1.7102E-02 28.58 84 8.213E+00 5.729E+00 7.146E-02 2.2338E-02 17.15

29 1.902E+01 8.451E-01 1.315E-02 1.7260E-02 28.20 85 8.140E+00 5.851E+00 7.263E-02 2.2397E-02 17.09

30 1.851E+01 8.984E-01 1.404E-02 1.7414E-02 27.81 86 8.068E+00 5.974E+00 7.381E-02 2.2456E-02 17.03

31 1.802E+01 9.532E-01 1.494E-02 1.7563E-02 27.42 87 7.998E+00 6.099E+00 7.499E-02 2.2514E-02 16.95
32 1.757E+01 1.009E+00 1.585E-02 1.7708E-02 27.06 88 7.929E+00 6.224E+00 7.617E-02 2.2571E-02 16.88

33 1.714E+01 1.067E+00 1.676E-02 1.7848E-02 26.73 89 7.862E+00 6.351 E+00 7.736E-02 2.2628E-02 16.81

34 1.673E+01 1.126E+00 1.769E-02 1.7986E-02 26.43 90 7.796E+00 6.479E+00 7.855E-02 2.2684E-02 16.76

35 1.635E+01 1.187E+00 1.863E-02 1.8119E-02 26.14 91 7.731E+00 6.608E+00 7.975E-02 2.2740E-02 16.72

36 1.598E+01 1.248E+00 1.958E-02 1.8249E-02 25.XX 92 7.668E+00 6.738E+00 8.095E-02 2.2795E-02 16.70

37 1.563E+01 1.312E+00 2.055E-02 1.8376E-02 25.64 93 7.606E+00 6.868E+00 8.216E-02 2.2849E-02 16.68

38 1.530E+0I 1.376E+00 2.152E-02 1.8500E-02 25.40 94 7.545 E+00 7.000E+00 8.337E-02 2.2903E-02 16.67

39 1.499E+01 1.442 E+00 2.250E-02 1.8621E-02 25.16 95 7.486E+00 7.134E+00 8.460E-02 2.2957E-02 16.65

40 1.468E+01 1.510E+00 2.350E-02 1.8740E-Ü2 24.92 96 7.428E+00 7.268E+00 8.583E-02 2.3010E-02 16.62

41 1.440E+01 1.579E+00 2.450E-02 1.8855E-02 24.67 97 7.37OE+00 7.403E+00 8.706E-02 2.3062E-02 16.59
42 1.412E+01 1.649E+00 2.551E-02 1.8969E-02 24.41 98 7.314E+00 7.539E+00 8.830E-02 2.3114E-02 16.55

43 1.386E+01 1.720E+00 2.653E-02 1.9079E-02 24.14 99 7.259E+00 7.676E+00 8.955E-02 2.3165E-02 16.51

44 1.361E+01 1.793E+00 2.755E-02 1.9188E-02 23.86 100 7.205E+00 7.814E+00 9.080E-02 2.3216E-02 16.48

45 1.337E+01 1.X67E+00 2.858E-02 1.9294E-02 23.59 101 7.152E+00 7.954E+00 9.205E-02 2.3267E-02 16.46

46 1.313E+01 1.943E+00 2.962E-02 1.9398E-02 23.31 102 7.100E+00 8.094E+00 9.331E-02 2.3317E-02 16.44

47 1.291 E+01 2.019E+00 3.066E-02 1.9501 E-02 23.03 103 7.049E+00 8.235E+00 9.458E-02 2.3366E-02 16.43

48 1.270E+01 2.098E+00 3.170E-02 1.9601 E-02 22.76 104 6.999E+00 8.378E+00 9.5X5E-02 2.3415E-02 16.42

49 1.249E+01 2.177E+00 3.275E-02 1.9699E-02 22.50 105 6.950E+00 8,521 E+00 9.714E-02 2.3464E-02 16.42
50 1.229E+01 2.258E+00 3.380E-02 1.9796E-02 22.25 106 6.902E+00 8.666E+00 9.842E-02 2.3512E-02 16.42

51 1.210E+01 2.340E+00 3.485E-02 1.9891E-02 22.03 107 6.854E+00 8.XUE+0O 9.972E-02 2.3560E-02 16.42

52 1.192E+01 2.423E+00 3.591E-02 1.9984E-02 21.82 10X 6.X07E+00 8.957E+00 1.010E-01 2.3607E-02 16.42

53 1.174E+01 2.508E+00 3.698E-02 2.0076E-02 21.61 109 6.762E+00 9.105E+00 1.023E-01 2.3654E-02 16.43
54 1.157E+01 2.593E+00 3.805E-02 2.0166E-02 21.41 110 6.716E+00 9.253 E+00 1.036E-01 2.3 701 E-02 16.43

55 1.140E+01 2.6X0E+00 3.912E-02 2.0254E-02 21.20 111 6.672E-IO0 9.403E+00 1.050E-01 2.3747E-02 16.43

56 1.124E+01 2.769E+00 4.020E-02 2.0341 E-02 20.98 112 6.629E+00 9.553E+00 1.063E-01 2.3793E-02 16.43

200



PROTONSIN WATER

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g"1 g cm"2

113 6.586E+00 9.704E+00

114 6.544E+00 9.857E+00

115 6.502E+00 1.001E+01

116 6.462E+00 1.016E+01

117 6.421 E+00 1.032E+01

118 6.382E+00 1.048E+01

119 6.343E+00 1.063E+01

120 6.305E+00 1.079E+01

121 6.267E+00 1.095E+01

122 6.230E+00 1.111E+01

123 6.194E+00 1.127E+01

124 6.158E+00 1.143E+01

125 6.123E+00 1.160E+01

126 6.088E+00 1.176E+01

127 6.053E+00 1.192E+01

128 6.020E+00 1.209E+01

129 5.986E+00 1.226E+01

130 5.954E+00 1.242E+01

131 5.921 E+00 1.259E+01

132 5.889E+00 1.276E+01

133 5.858E+00 1.293E+01

134 5.827E+00 1.310E+01

135 5.796E+00 1.328E+01

136 5.766E+00 1.345E+01

137 5.737E+00 1.362E+01

138 5.7O7E+00 1.380E+01

139 5.67XE+00 1.397E+01

140 5.650E+00 1.415E+01

141 5.622E+00 1.433E+01

142 5.594E+00 1.450E+01

143 5.567E+00 1.468E+01

144 5.540E+00 1.486E+01

145 5.513E+00 1.505E+01

146 5.487E+00 1.523E+01

147 5.461E+00 1.541E+01

148 5.435E+00 1.559E+01

149 5.410E+00 1.578E+01

150 5.385E+00 1.596E+01

151 5.360E+00 1.615E+01

152 5.336E+00 1.634E+01

153 5.312E+00 1.652E+01

154 5.288E+00 1.671 E+01

155 5.265E+00 1.690E+01

156 5.242E+00 1.709E+01

157 5.219E+00 1.728E+01

158 5.196E+00 1.748E+01

159 5.174E+00 1.767E+01

160 5.152E+00 1.786E+01

161 5.130E+00 1.806E+01

162 5.109E+00 1.825E+01

163 5.087E+00 1.845E+01

164 5.066E+00 1.865E+01

165 5.046E+00 1.884E+01

166 5.025E+00 1.904EMH

167 5.005E+00 1.924E+01

168 4.985E+00 1.944E+01

169 4.965E+00 1.964E+01

170 4.945E+00 1.984E+01

171 4.926E+00 2.005E+01

172 4.906E+00 2.025E+01

173 4.888E+00 2.045E+01

174 4.869E+00 2.066E+01

175 4.850E+00 2.086E+01

176 4.832E+00 2.107E+01

177 4.814E+00 2.128E+01

178 4.796E+00 2.149E+01

179 4.778E+00 2.170E+01

180 4.760E+00 2.191E+01

181 4.743E+00 2.212E+01

182 4.726E+00 2.233E+01

1X3 4.709E+00 2.254E+01

Pnuc &MCS ("/A)
•10"27

rad2 cm2 g"

1.076E-01 2.3838E-02 16.42

1.090E-01 2.3883E-02 16.42

1.103E-01 2.3928E-02 16.41

1.117E-01 2.3972E-02 16,40

1.131E-01 2.4016E-02 16.39

1.144E-01 2.4060E-02 16.38

1.158E-01 2.4103E-02 16.38

1.172E-01 2.4146E-02 16.37

1.186E-01 2.41XXE-02 16.37

1.199E-01 2.4231E-02 16.37

1.213E-01 2.4272E-02 16.37

1.227E-01 2.4314E-02 16.37

1.241E-01 2.4355E-02 16.37

1.256E-01 2.4396E-02 16.37

1.270E-01 2.4437E-02 16.37

1.284E-01 2.4477E-02 16.37

1.298E-01 2.4517E-02 16.37

1.313E-01 2.4557E-02 16.37

1.327E-01 2.4596E-02 16.37

1.342E-01 2.4635E-02 16.37

1.356E-01 2.4674E-02 16.37

1.371E-01 2.4713E-02 16.37

1.385E-01 2.4751E-02 16.37

1.400E-01 2.47X9E-02 16.37

1.415E-01 2.4827E-02 16.37

1.430E-01 2.4865E-02 16.37

1.444E-01 2.4902E-02 16.37

1.459E-01 2.4939E-02 16.37

1.474E-01 2.4976E-02 16.37

1.489E-01 2.5012E-02 16.37

1.504E-01 2.5049E-02 16.37

1.519E-01 2.5085E-02 16.37

1.534E-01 2.5120E-02 16.37

1.550E-01 2.5156E-02 16.37

1.565E-01 2.5191 E-02 16.37

1.580E-01 2.5226E-02 16.37

1.595E-01 2.5261E-02 16.37

1.611E-01 2.5296E-02 16.37

1.626E-01 2.5330E-02 16.37

1.641E-01 2.5365E-02 16.37

1.657E-01 2.5399E-02 16.37

1.672E-01 2.5432E-02 16.37

1.688E-01 2.5466E-02 16.37

1.704E-01 2.5499E-02 16.37

1.719E-01 2.5532E-02 16.37

1.735E-01 2.5565E-02 16.37

1.751E-01 2.5598E-02 16.37

1.766E-01 2.5631E-02 16.37

1.782E-01 2.5663E-02 16.37

1.798E-01 2.5695E-02 16.37

1.814E-01 2.5727E-02 16.37

1.830E-01 2.5759E-02 16.37

1.846E-01 2.5790E-02 16.37

1.862E-01 2.5822E-02 16.37

1.878E-01 2.5853E-02 16.37

1.894E-01 2.58X4E-02 16.37

1.910E-01 2.5915E-02 16.37

1.926E-01 2.5946E-02 16.37

1.942E-01 2.5976E-02 16.37

1.958E-01 2.6007E-02 16.37

1.974E-01 2.6037E-02 16.37

1.990E-01 2.6067E-02 16.37

2.007E-01 2.6097E-02 16.37

2.023E-01 2.6126E-02 16.37

2.039E-01 2.6156E-02 16.37

2.055E-01 2.6185E-02 16.37

2.072E-01 2.6214E-02 16.37

2.088E-01 2.6243E-02 16.37

2.105E-01 2.6272E-02 16.37

2.121E-01 2.6301E-02 16.37

2.137E-01 2.6330E-02 16.37

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g"1 g cm"2

184 4.692 E+00 2.275E+01

185 4.675E+00 2.297E+01

186 4.659E+00 2.318 E+01

187 4.642E+00 2.339E+01

188 4.626E+00 2.361E+01

189 4.610E+00 2.383E+01

190 4.594E+00 2.404E+01

191 4.579E+00 2.426E+01

192 4.563E+00 2.448E+01

193 4.548E+00 2.470E+01

194 4.533E+00 2.492E+01

195 4.518E+00 2.514E+01

196 4.503E+00 2.536E+01

197 4.488E+00 2.559E+01

198 4.473E+00 2.581 E+01

199 4.459E+00 2.603E+01

200 4.444E+00 2.626E+01

201 4.430E+00 2.648E+01

202 4.416E+00 2.671E+01

203 4.402E+00 2.694E+01

204 4.388E+00 2.716E+01

205 4.375E+00 2.739E+01

206 4.361 E+00 2.762E+01

207 4.348E+00 2.7X5E+01

208 4.335E+00 2.808E+01

209 4.321E+00 2.831E+01

210 4.308E+00 2.854E+01

211 4.295E+00 2.878E+01

212 4.283E+00 2.901E+01

213 4.270E+00 2.924E+01

214 4.257E+00 2.948E+01

215 4.245E+00 2.971E+01

216 4.233E+00 2.995E+01

217 4.220E+00 3.019E+01

218 4.208E+00 3.042E+01

219 4.196E+00 3.066E+01

220 4.184E+00 3.090E+01

221 4.172E+00 3.114E+01

222 4.161E+00 3.138E+01

223 4.149E+00 3.162E+01

224 4.138E+00 3.186E+01

225 4.126E+00 3.210E+01

226 4.115E+00 3.235E+01

227 4.104E+00 3.259E+01

228 4.093E+00 3.283E+01

229 4.082E+00 3.308E+01

230 4.071E+00 3.332E+01

231 4.060E+00 3.357E+01

232 4.049E+00 3.382E+01

233 4.038E+00 3.406E+01

234 4.028E+00 3.431E+01

235 4.017E+00 3.456E+01

236 4.007E+00 3.481E+01

237 3.997E+00 3.506E+01

238 3.987E+00 3.531E+0)

239 3.976E+00 3.556E+01

240 3.966E+00 3.581E+01

241 3.956E+00 3.606E+01

242 3.947E+00 3.632E+01

243 3.937E+00 3.657E+01

244 3.927E+00 3.683E+01

245 3.917E+00 3.708E+01

246 3.908E+00 3.734E+01

247 3.898E+00 3.759E+01

248 3.889E+00 3.785E+01

249 3.880E+00 3.811E+01

250 3.870E+00 3.836E+01

Pnuc ales ("/A)
10"27

rad2 cm2 g"1

2.154E-01 2.6358E-02 16.37

2.170E-01 2.6386E-02 16.37

2.187E-01 2.6414E-02 16.37

2.203E-01 2.6442E-02 16.37

2.220E-01 2.6470E-02 16.37

2.237E-01 2.6498E-02 16.37

2.253E-01 2.6525E-02 16.37

2.270E-01 2.6553E-02 16.37

2.287E-01 2.6580E-02 16.37

2.303E-01 2.6607E-02 16.37

2.320E-01 2.6634E-02 16.37

2.337E-01 2.6661E-02 16.37

2.353E-01 2.6688E-02 16.37

2.370E-01 2.6714E-02 16.37

2.387E-01 2.6741E-02 16.37

2.404E-01 2.6767E-02 16.37

2.421 E-01 2.6793E-02 16.37

2.437E-01 2.6819E-02 16.37

2.454E-01 2.6845E-02 16.37

2.471E-01 2.6871E-02 16.37

2.488E-01 2.6897E-02 16.37

2.505E-01 2.6922E-02 16.37

2.522E-01 2.6948E-02 16.37

2.539E-01 2.6973E-02 16.37

2.556E-01 2.6998E-02 16.37

2.573E-01 2.7023E-02 16.37

2.589E-01 2.7048E-02 16.37

2.606E-01 2.7073E-02 16.37

2.623E-01 2.7098E-02 16.37

2.640E-01 2.7122E-02 16.37

2.657E-01 2.7147E-02 16.37

2.674E-01 2.7171E-02 16.37

2.691E-01 2.7195E-02 16.37

2.708E-01 2.7220E-02 16.37

2.726E-01 2.7244E-02 16.37

2.743E-01 2.7268E-02 16.37

2.760E-01 2.7291E-02 16.37

2.777E-01 2.7315E-02 16.37

2.794E-01 2.7339E-02 16.37

2.811E-01 2.7362E-02 16.37

2.828E-01 2.7386E-02 16.37

2.845E-01 2.7409E-02 16.37

2.862E-01 2.7432E-02 16.37

2.879E-01 2.7455E-02 16.37

2.896E-01 2.7478E-02 16.37

2.913E-01 2.7501E-02 16.37

2.931E-01 2.7524E-02 16.37

2.948E-01 2.7547E-02 16.37

2.965E-01 2.7569E-02 16.37

2.982E-01 2.7592E-02 16.37

2.999E-01 2.7614E-02 16.37

3.016E-01 2.7636E-02 16.37

3.033E-01 2.7659E-02 16.37

3.051 E-01 2.7681 E-02 16.37

3.068E-01 2.7703E-02 16.37

3.085E-01 2.7725E-02 16.37

3.102E-01 2.7747E-02 16.37

3.119E-01 2.7768E-02 16.37

3.136E-01 2.7790E-02 16.37

3.153E-01 2.7812E-02 16.37

3.171E-01 2.7833E-02 16.37

3.188E-01 2.7854E-02 16.37

3.205E-01 2.7876E-02 16.37

3.222E-01 2.7897E-02 16.37

3.239E-01 2.7918E-02 16.37

3.256E-01 2.7939E-02 16.37

3.273E-01 2.7960E-02 16.37

201



Appendix D: Proton Data Tables

Based on

Janni /-values

PROTONSIN ZINC-CADMIUMSULFIDE ((Zn,Cd)S)

Density/) [gem']:
Radiation length X0 [g em2]:
Mean ionisation energy I [eV] :

4,35

11.864

313.1 (Bragg additivity)

COMPOSITION:

Element

Z

A

%by weight

/[eV]

S

16

32.066

0.2758

183.6

Zn Cd

30 48

65.39 112.411

0.33746 0.38674

323.1 474.4

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVg"1 em2 g cm"2

°~mcs (a/A)
10""

rad2 cm2 g"1

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

1.216E+02

8.103E+01

6.266E+01

5.182E+01

4.454E+01

3.927E+01

3.523E+01

3.203E+01

2.943E+01

2.727E+01

2.544E+01

2.386E+01

2.250E+01

2.130E+01

2.023E+01

1.928E+01

1.843E+01

1.765E+01

1.695E+01

1.631E+01

1.572 E+01

1.518E+01

1.467 E+01

1.421 E+01

1.378E+01

1.337E+01

1.300E+01

1.264E+01

1.231E+0)

1.200E+01

1.170E+01

1.142E+01

1.116E+01

1.091E+01

1.067E+01

1.044E+01

1.023E+01

1.002E+01

9.828E+00

9.641E+00

9.463E+00

9.291 E+00

9.127E+00

8.970E+00

8.818E+00

8.673E+00

8.533E+00

8.399E+00

8.269E+00

8.144E+00

8.023E+00

7.907E+00

7.794E+00

7.685E+00

7.580E+00

5.362E-03

1.572E-02

2.990E-02

4.755E-02

6.844E-02

9.241E-02

1.193E-01

1.492 E-01

1.818E-01

2.171E-01

2.551 E-01

2.957E-01

3.389E-01

3.X46E-01

4.328E-01

4.834E-01

5.365E-01

5.920E-01

6.498E-01

7.100E-01

7.725E-01

8.372E-01

9.042E-01

9.735E-01

1.045E+00

1.U9E+00

1.195E+00

1.273E+00

1.353E+00

1.435E+00

1.519E+00

1.606E+00

1.695E+00

1.785E+00

1.878E+00

1.973 E+00

2.069E+00

2.16XE+00

2.269E+00

2.372E+00

2.476E+00

2.583E+00

2.692E+00

2.802E+00

2.915E+00

3.029E+00

3.145E+00

3.263E+00

3.383E+00

3.505E+00

3.629E+00

3.754E+00

3.882E+00

4.011 E+00

4.142 E+00

0.000E+00

0.000E+00

0.000E+00

O.OOOE+00

O.OOOE+00

4.709E-06

6.354E-05

1.978E-04

3.847E-04

6.248E-04

9.167E-04

1.258E-03

1.648E-03

2.081 E-03

2.556E-03

3.070E-03

3.621E-03

4.205E-03

4.822E-03

5.469E-03

6.144E-03

6.846E-03

7.574E-03

8.326E-03

9.100E-03

9.895E-03

1.071 E-02

1.155E-02

1.240E-02

1.327E-02

1.415E-02

1.505E-02

1.596E-02

1.689E-02

1.783E-02

1.878E-02

1.975E-02

2.072E-02

2.171E-02

2.271E-02

2.372E-02

2.474E-02

2.577E-02

2.681 E-02

2.786E-02

2.892E-02

2.999E-02

3.108E-02

3.217E-02

3.327E-02

3.438E-02

3.549E-02

3.662E-02

3.776E-02

3.890E-02

4.1844E-02

5.6873E-02

6.5945E-02

7.2508E-02

7.76X2E-02

8.196XE-02

8.5638E-02

8.8852E-02

9.1717E-02

9.4302E-02

9.6661 E-02

9.8832E-02

1.0084E-01

1.0272E-01

1.0447E-01

1.0612E-01

1.0769E-01

1.0916E-01

1.1057E-01

1.1191E-01

1.1319E-01

1.1442E-01

1.1559E-01

1.1672E-01

1.1781E-01

1.1886E-01

1.1987E-01
1.2085E-01

1.2180E-01

1.2272E-01

1.2361E-01

1.2447E-01

1.2531E-01

1.2613E-01

1.2692E-01

1.2770E-01

1.2845E-01

1.2919E-01

1.2991E-01

1.3061 E-01

1.3130E-01

1.3197E-01

1.3263E-01

1.3327E-01

1.3390E-01

1.3452E-01

1.3512E-01

1.3572E-01

1.3630E-01

1.3687E-01

1.3743E-01

1.3798E-01

1.3852E-01

1.3905E-01

1.3957E-01

0.000

0.000

0.000

0.000

0.000

0.613

6.333

8.527

10.44

12.07

13.42

14.52

15.41

16.12

16.68

17.10

17.43

17.69

17.88

18.01

18.09

18.14

18.16

18.15

18.12

18.06

18.00

17.93

17.84

17.70

17.54

17.41

17.31

17.20

17.08

16.96

16.83

16.69

16.56

16.44

16.32

16.21

16.11

16.01

15.91

15.82

15.72

15.63

15.54

15.45

15.36

15.27

15.19

15.12

15.04

56 7.478E+00 4.275E+00 4.005E-02 1.4008E-01 14.97

RGY STOPPING CSDA
*nuc

_2
"MCS (a/A)

POWER RANGE 10"27

eV MeVg"1 cm
2

g cm"2 rad2 cm2 g"1

57 7.380E+00 4.410E+00 4.122E-02 1.4059E-01 14.90

58 7.284E+00 4.546E+00 4.239E-02 1.4109E-01 14.83

59 7.192E+00 4.684E+00 4.357E-02 1.4157E-01 14.77

60 7.102E+00 4.824E+00 4.475E-02 1.4206E-01 14.70

61 7.015E+00 4.966E+00 4.595E-02 1.4253E-01 14.63

62 6.930E+00 5.109E+00 4.715E-02 1.4300E-01 14.57

63 6.848E+00 5.254E+00 4.836E-02 1.4346E-01 14.51

64 6.768EHK) 5.401E+00 4.958E-02 1.4391 E-01 14.45

65 6.690E+00 5.550E+00 5.080E-02 1.4435E-01 14.39

66 6.615E+00 5.700E+00 5.204E-02 1.4479E-01 14.33

67 6.542E+00 5.852E+00 5.328E-02 1.4523 E-01 14.27

68 6.470E+00 6.006E+00 5.453E-02 1.4566E-01 14.21

69 6.401E+00 6.161E+00 5.578E-02 1.4608E-01 14.16

70 6.333E+00 6.318E+00 5.704E-02 1.4649E-01 14.11

71 6.267E+00 6.477E+00 5.831E-02 1.4691E-01 14.06

72 6.202E+00 6.637E+00 5.959E-02 1.4731 E-01 14.01

73 6.139E+00 6.800E+00 6.087E-02 1.4771E-01 13.96

74 6.078E+00 6.963E+00 6.216E-02 1.4811E-01 13.91

75 6.018E+00 7.129 E+00 6.346E-02 1.4850E-01 13.87

76 5.960E+00 7.296E+00 6.476E-02 1.4888E-01 13.82

77 5.903E+00 7.464E+00 6.607E-02 1.4926E-01 13.78

78 5.848E+00 7.634E+00 6.739E-02 1.4964E-01 13.74

79 5.793 E+00 7.806E+00 6.871 E-02 1.5001E-01 13.69

80 5.740E+00 7.980E+00 7.004E-02 1.5038E-01 13.65

81 5.688E+00 8.155E+00 7.137E-02 1.5074E-01 13.61

82 5.637E+00 X.331E+00 7.272E-02 1.5110E-01 13.58

83 5.588E+00 X.509E+00 7.406E-02 1.5145E-01 13.54

84 5.539E+00 8.689E+00 7.542E-02 1.5180E-01 13.50

85 5.492E+00 8.870E+00 7.678E-02 1.5215E-01 13.46

86 5.445 E+00 9.053E+00 7.815E-02 1.5249E-01 13.43

87 5.400E+00 9.238E+00 7.952E-02 1.5283E-01 13.39

88 5.355E+00 9.424E+00 8.090E-02 1.5317E-01 13.36

89 5.312E+00 9.611 E+00 8.228E-02 1.5350E-01 13.33

90 5.269E+00 9.800E+00 8.367E-02 1.5383E-01 13.30

91 5.227E+00 9.991E+00 8.507E-02 1.5415E-01 13.26

92 5.186E+00 1.018E+01 8.647E-02 1.5447E-01 13.23

93 5.146E+00 1.038E+01 8.7XXE-02 1.5479E-01 13.21

94 5.106E+00 1.057E+01 8.929E-02 1.5510E-01 13.18

95 5.068E+00 1.077E+01 9.071 E-02 1.5542E-01 13.15

96 5.030E+00 1.097E+01 9.213E-02 1.5573E-01 13.12

97 4.993E+00 1.117E+01 9.356E-02 1.5603E-01 13.10

98 4.956E+00 1.137E+01 9.500E-02 1.5633E-01 13.07

99 4.920E+00 1.157E+01 9.644E-02 1.5663E-01 13.05

100 4.885E+00 1.177E+01 9.788E-02 1.5693E-01 13.02

101 4.850E+00 1.198E+01 9.933E-02 1.5722E-01 13.00

102 4.817E+00 1.219E+01 1.008E-01 1.5752E-01 12.97

103 4.783E+00 1.239E+01 1.023E-01 1.5780E-01 12.95

104 4.750E+00 1.260E+01 1.037E-01 1.5809E-01 12.93

105 4.718 E+00 1.281E+01 1.052E-01 1.5837E-01 12.91

106 4.687E+00 1.303E+01 1.067E-01 1.5865E-01 12.89

107 4.656E+00 1.324E+01 1.082E-01 1.5893E-01 12.87

108 4.625E+00 1.346E+01 1.096E-01 1.5921E-01 12.85

109 4.595E+00 1.367E+01 l.lllE-01 1.5948E-01 12.83

110 4.566E+00 1.389E+01 1.126E-01 1.5975E-01 12.81

111 4.537E+00 1.411 E+01 1.141E-0I 1.6002E-01 12.79

112 4.508E+00 1.433E+01 1.156E-01 1.6029E-01 12.77

202



PROTONSIN ZINC-CADMIUMSULFIDE ((Zn,Cd)S)

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g"1 g cm"2

113 4.480E+00 1.456E+01

114 4.453E+00 1.478E+01

115 4.426E+00 1.500E+01

116 4.399E+00 1.523E+01

117 4.373E+00 1.546E+01

118 4.347E+00 1.569E+01

119 4.321E+00 1.592E+01

120 4.296E+00 1.615E+01

121 4.271 E+00 1.639E+01

122 4.247E+00 1.662E+01

123 4.223E+00 1.686E+01

124 4.200E+00 1.709E+01

125 4.176E+00 1.733E+01

126 4.154E+00 1.757E+01

127 4.131E+00 1.781E+01

128 4.109E+00 1.806E+01

129 4.087E+00 1.830E+01

130 4.065E+00 1.855E+01

131 4.044E+00 1.879E+01

132 4.023E+00 1.904E+01

133 4.002E+00 1.929E+01

134 3.982E+00 1.954E+01

135 3.962E+00 1.979E+01

136 3.942E+00 2.004E+01

137 3.922E+00 2.030E+01

138 3.903E+00 2.055E+01

139 3.884E+00 2.081E+01

140 3.865E+00 2.107E+01

141 3.847E+00 2.133E+01

142 3.828E+00 2.159E+01

143 3.810E+00 2.185E+01

144 3.793E+00 2.211E+01

145 3.775E+00 2.238E+0)

146 3.758E+00 2.264E+01

147 3.740E+00 2.291E+01

148 3.724E+00 2.318E+01

149 3.707E+00 2.345E+01

150 3.690E+00 2.372E+01

151 3.674E+00 2.399E+01

152 3.658E+00 2.426E+01

153 3.642E+00 2.454E+01

154 3.626E+00 2.481 E+01

155 3.611E+00 2.509E+01

156 3.596E+00 2.537E+01

157 3.580E+00 2.564E+01

158 3.565E+00 2.592E+01

159 3.551E+00 2.621E+01

160 3.536E+00 2.649E+01

161 3.522E+00 2.677E+01

162 3.507E+00 2.706E+01

163 3.493E+00 2.734E+01

164 3.479E+00 2.763E+01

165 3.466E+00 2.792 E+01

166 3.452E+00 2.821E+01

167 3.438E+00 2.850E+01

168 3.425E+00 2.879E+01

169 3.412E+00 2.908E+01

170 3.399E+00 2.937E+01

171 3.386E+00 2.967E+01

172 3.373E+00 2.996E+01

173 3.361E+00 3.026E+01

174 3.348E+00 3.056E+01

175 3.336E+00 3.086E+01

176 3.324E+00 3.116E+01

177 3.312E+00 3.146E+01

178 3.300E+00 3.176E+01

179 3.288E+00 3.207E+01

180 3.276E+00 3.237E+01

181 3.265E+00 3.268E+01

182 3.253E+00 3.298E+01

183 3.242E+00 3.329E+01

P. °lcs (a/A)
10""

rad2 cm2 g"

1.171E-01 1.6055E-01 12.75

1.187E-01 1.6081E-01 12.74

1.202E-01 1.6107E-01 12.72

1.217E-01 1.6133E-01 12.70

1.232E-01 1.6159E-01 12.69

1.248E-01 1.6184E-01 12.67

1.263E-01 1.6209E-01 12.65

1.279E-01 1.6234E-01 12.64

1.294E-01 1.6259E-01 12.62

1.310E-01 1.6283E-01 12.61

1.325E-01 1.6308E-01 12.59

1.341E-01 1.6332E-01 12.58

1.356E-01 1.6356E-01 12.57

1.372E-01 1.6379E-01 12.55

1.388E-01 1.6403E-01 12.54

1.404E-01 1.6426E-01 12.53

1.419E-01 1.6450E-01 12.52

1.435E-01 1.6473E-01 12.51

1.451E-01 1.6496E-01 12.50

1.467E-01 1.6518E-01 12.49

1.483E-01 1.6541E-01 12.48

1.499E-01 1.6563E-01 12.47

1.515E-01 1.6586E-01 12.46

1.531E-01 1.6608E-01 12.45

1.547E-01 1.6630E-01 12.44

1.564E-01 1.6651 E-01 12.43

1.580E-01 1.6673E-01 12.42

1.596E-01 1.6694E-01 12.41

1.612E-01 1.6716E-01 12.40

1.629E-01 1.6737E-01 12.39

1.645E-01 1.6758E-01 12.38

1.661E-01 1.6779E-01 12.37

1.678E-01 1.6800E-01 12.35

1.694E-01 1.6820E-01 12,34

1.711E-01 1.6841E-01 12.33

1.727E-01 1.6861E-01 12.32

1.743E-01 1.6881E-01 12.31

1.760E-01 1.6901E-01 12.31

1.777E-01 1.6921 E-01 12.30

1.793E-01 1.6941E-01 12.29

1.810E-01 1.6961E-01 12.28

1.826F.-01 1.6980E-01 12.27

1.843Ë-01 1.7000E-01 12.26

1.860E-01 1.7019Ë-01 12.26

1.877E-01 1.7038E-01 12.25

1.893E-01 1.7057E-01 12.24

1.910E-01 1.7076E-01 12.23

1.927E-01 1.7095E-01 12.23

1.944E-01 1.7114E-01 12.22

1.961 E-01 1.7132E-01 12.21

1.977E-01 1.7151E-01 12.21

1.994E-01 1.7169E-01 12.20

2.011E-01 1.7187E-01 12.20

2.02XE-01 1.7206E-01 12,19

2.045E-01 1.7224E-01 12.19

2.062E-01 1.7242E-01 12.18

2.079E-01 1.7259E-01 12.18

2.096E-01 1.7277E-01 12.17

2.113E-01 1.7295E-01 12.17

2.130E-01 1.7312E-01 12.16

2.148E-01 1.7330E-01 12.16

2.165E-01 1.7347E-01 12.15

2.182E-01 1.7364E-01 12.15

2.199E-01 1.73X2E-01 12.14

2.216E-01 1.7399E-01 12.14

2.233E-01 1.7416E-01 12.13

2.251E-01 1.7432E-01 12.13

2.268E-01 1.7449E-01 12.12

2.2X5 E-01 1.7466E-01 12.12

2.302E-01 1.7483E-01 12.11

2.320E-01 1.7499E-01 12.11

ENERGYSTOPPING CSDA

POWER RANGE

MeV MeVcm2 g'1 g cm"2

184 3.231E+00 3.360E+01

185 3.220E+00 3.391E+01

186 3.209E+00 3.422E+01

187 3.198E+00 3.453E+01

188 3.1X7E+00 3.4X5E+01

189 3.176E+00 3.516E+01

190 3.166E+00 3.548E+01

191 3.156E+00 3.579E+01

192 3.145E+00 3.611E+01

193 3.135E+00 3.643E+01

194 3.125E+00 3.675EM)!

195 3.115E+00 3.707E+01

196 3.105E+00 3.739E+01

197 3.095E+00 3.771E+01

198 3.085E+00 3.804E+01

199 3.076E+00 3.836E+01

200 3.066E+00 3.869E+01

201 3.057E+00 3.901E+01

202 3.047E+00 3.934E+01

203 3.038E+00 3.967E+01

204 3.029E+00 4.000E+01

205 3.020E+00 4.033E+01

206 3.011 E+00 4.066E+01

207 3.002E+00 4.099E+01

208 2.993E+00 4.133E+01

209 2.984E+00 4.166E+01

210 2.975E+00 4.200E+01

211 2.967E+00 4.233E+01

212 2.958E+00 4.267E+01

213 2.950E+00 4.301E+01

214 2.941E+00 4.335E+01

215 2.933E+00 4.369E+01

216 2.925E+00 4.403E+01

217 2.917E+00 4.437E+01

218 2.909E+00 4.472E+01

219 2.901E+00 4.506E+01

220 2.893E+00 4.541E+01

221 2.885E+00 4.575E+01

222 2.877E+00 4.610E+01

223 2.869E+00 4.645E+01

224 2.862E+00 4.680E+01

225 2.854E+00 4.715E+01

226 2.846E+00 4.750E+01

227 2.839E+00 4.785E+01

228 2.X31E+00 4.820E+01

229 2.824E+00 4.856E+01

230 2.817E+00 4.891E+01

231 2.810E+00 4.927E+01

232 2.802E+00 4.962E+01

233 2.795E+00 4.998E+01

234 2.788E+00 5.034E+01

235 2.781 E+00 5.070E+01

236 2.774E+00 5.106E+01

237 2.767E+00 5.142E+01

238 2.761 E+00 5.178E+01

239 2.754E+00 5.214E+01

240 2.747E+00 5.251E+01

241 2.740E+00 5.287E+01

242 2.734E+00 5.324E+01

243 2.727E+00 5.360E+01

244 2.721 E+00 5.397E+01

245 2.714E+00 5.434E+01

246 2.708E+00 5.471E+01

247 2.702E+00 5.508E+01

248 2.695E+00 5.545E+01

249 2.689E+00 5.582E+01

250 2.683E+00 5.619E+01

P v2mcs (a/A)
10"27

rad2 cm2 g"1

2.337E-01 1.7515E-01 12.10

2.354E-01 1.7532E-01 12.10

2.371E-01 1.7548E-01 12.09

2.389E-01 1.7564E-01 12.09

2.406E-01 1.7580E-01 12.08

2.423E-01 1.7596E-01 12.08

2.441E-01 1.7612E-01 12.07

2.458E-01 1.7628E-01 12.07

2.476E-01 1.7644E-01 12.07

2.493E-01 1.7659E-01 12.06

2.510E-01 1.7675E-01 12.06

2.528E-01 1.7690E-01 12.05

2.545E-01 1.7706E-01 12.05

2.563E-01 1.7721E-01 12.05

2.580E-01 1.7736E-01 12.04

2.598E-01 1.7751E-01 12.04

2.615E-01 1.7767E-01 12.04

2.632E-01 1.7782E-01 12.03

2.650E-01 1.7797E-01 12.03

2.667E-01 1.7811E-01 12.03

2.685E-01 1.7826E-01 12.02

2.702E-01 1.7841 E-01 12.02

2.720E-01 1.7856E-01 12.02

2.737E-01 1.7870E-01 12.02

2.755E-01 1.7885E-01 12.01

2.772E-01 1.7899E-01 12.01

2.790E-01 1.7914E-01 12.01

2.808E-01 1.7928E-01 12.00

2.825E-01 1.7942E-01 12.00

2.843E-01 1.7956E-01 12.00

2.860E-01 1.7970E-01 12.00

2.878E-01 1.7984E-01 12.00

2.895E-01 1.7998E-01 11.99

2.913E-01 1.8012E-01 11.99

2.930E-01 1.8026E-01 11.99

2.948E-01 1.8040E-01 11.99

2.965E-01 1.8054E-01 11.99

2.983E-01 1.8067E-01 11.98

3.001E-01 1.8081E-01 11.98

3.018E-01 1.8095E-01 11.98

3.036E-01 1.8108E-01 11.98

3.053E-01 1.8121E-01 11.98

3.071E-01 1.X135E-01 11.98

3.08XE-01 1.8148E-01 11.98

3.106E-01 1.8161E-01 11.98

3.124E-01 1.8174E-01 11.98

3.141E-01 1.8188E-01 11.97

3.159E-01 1.8201E-01 11.97

3.176E-0) 1.8214E-01 11.97

3.194E-01 1.8227E-01 11.97

3.211E-01 1.8240E-01 11.97

3.229E-01 1.8252E-01 11.97

3.246E-01 1.8265E-01 11.97

3.264E-0) 1.827XE-01 11.97

3.282E-01 1.8291E-01 11.97

3.299E-01 1.8303E-01 11.97

3.317E-01 1.8316E-01 11.96

3.334E-01 1.8328E-01 11.96

3.352E-01 1.8341E-01 11.96

3.369E-01 1.8353E-01 11.96

3.387E-01 1.8366E-01 11.96

3.404E-01 1.8378E-01 11.96

3.422E-01 1.8390E-01 11.96

3.439E-01 1.8402E-01 11.96

3.457E-01 1.8414E-01 11.96

3.474E-01 1.8427E-01 11.95

3.492E-01 1.8439E-01 11.95
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